
Myc et al. Clin Trans Med            (2019) 8:12  
https://doi.org/10.1186/s40169-019-0231-z

REVIEW

Role of medical and molecular imaging 
in COPD
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Abstract 

Chronic obstructive pulmonary disease (COPD) is expected to climb on the podium of the leading causes of mortal-
ity worldwide in the upcoming decade. Clinical diagnosis of COPD has classically relied upon detecting irreversible 
airflow obstruction on pulmonary function testing as a global assessment of pulmonary physiology. However, the 
outcome is still not favorable to decrease mortality due to COPD. Progress made in both medical and molecular imag-
ing fields are beginning to offer additional tools to address this clinical problem. This review aims to describe medical 
and molecular imaging modalities used to diagnose COPD and to select patients for appropriate treatments and to 
monitor response to therapy.
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Background
Chronic obstructive pulmonary disease (COPD) remains 
a leading cause of mortality worldwide [1]. Clinical 
diagnosis of COPD has classically relied upon detect-
ing irreversible airflow obstruction on pulmonary func-
tion testing (PFT) as a global assessment of pulmonary 
physiology. The natural history of COPD is characterized 
by an irreversibly progressive decline in lung function, 
with the pathophysiology resulting in airway obstruction 
characterized by either the loss alveolar gas exchange 
units and elasticity or the development of muco-fibrotic 
airway remodeling. These paradigms have served as the 
basis for the two classic COPD phenotypes: emphysema 
and chronic bronchitis. However, this basic dogma has 
been challenged in recent years as varying degrees of co-
existing emphysema, chronic bronchitis, and potentially 
significant vascular pathologies have been appreciated in 
patients with COPD [2–6].

While sharing the common terminal phenotype of 
irreversible airflow limitation, emphysema and chronic 
bronchitis are fundamentally different diseases and are 
suspected to have unique biomolecular mechanisms 
underpinning their pathogenesis. While PFT is a highly 

sensitive and relevant modality to detect airflow limita-
tions and gas exchange defects, it lacks regional sensi-
tivity and anatomic specificity to refine phenotyping of 
COPD.

Currently, chest X-ray, CT and magnetic resonance 
imaging (MRI) are the most matured imaging modalities 
to phenotype COPD. These modalities are non-invasive, 
feature high resolution images based on different physical 
properties and provide anatomic detail (Table 1). Similar 
to chest X-ray, CT uses radiographic X-ray technology 
and is based on attenuation of X-rays that occur after 
absorption and scattering through the tissue. Denser 
tissues such as bone attenuate signal to a greater extent 
than less dense tissues such as lung [3, 7]. The loss of lung 
tissue and elasticity in emphysema can be exploited to 
determine presence or absence of emphysematous lung 
by pixel-by-pixel quantification of these signals emanat-
ing from lung tissues [3]. Application of CT techniques 
to characterize airway disease, however, has been more 
challenging due to lack of correlations between anatomic 
airway alterations detectable by CT and pathologic air-
flow limitation. MRI employs magnetic resonance of 
hydrogen protons to generate images. As body content 
is mainly fluid (H2O), MRI provides contrast between 
tissues with varying degrees of fluid content. In addi-
tion, hyperpolarized gases used as contrast agents can be 
employed to image the lung with MRI.
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Conventional imaging methods can be augmented by 
using molecular imaging methods such as single photon 
emission computed tomography (SPECT) and positron 
emission tomography (PET) with the purpose of charac-
terizing physiologic derangements associated with COPD 
with greater resolution. Molecular imaging becomes fea-
sible with the administration of radioactive isotopes con-
jugated to molecules (i.e. radioligand) that are designed 
to specifically bind to molecular targets in tissue that are 
diagnostic of a pathology. SPECT and PET modalities 
feature high sensitivity and provide molecular and meta-
bolic detail regarding the tissues of interest. Such detailed 
information may allow discrimination between two 
group of patients with unique molecular or cellular pro-
files. The physical principle behind SPECT is based upon 
the detection of radioactive emission of gamma photons 
from specific isotopes such as 99mTc, 123I or 111In. In sim-
plest terms, the energy of gamma photons, measured in 
kilo electron Volt (keV), is high enough to pass through 
any type of tissue and reach the detector after collima-
tion. The technology behind PET scanning varies slightly 
from SPECT as it retains radioactivity as the key phe-
nomenon. PET imaging is based on the collision of posi-
trons emitting from the isotope (such as 18F, 64Cu, 68Ga 
or 89Zr) nucleus with orbital electrons. The collision leads 
to the generation of two photons of high energy 511 keV 
emitted in strictly opposite directions. This geometrical 
characteristic is a key feature of PET imaging as it allows 
deconvolution of the signal acquired by the detector and 
thus localization of the emitting molecule. The event 
captured by the detector will be taken into consideration 
only if two photons hit the detector at the same time and 
at 180° from each other. For more information about the 
physics-based principles underpinning medical imaging, 
we direct the reader to the textbook The Essential Physics 
of Medical Imaging [8].

Currently, molecular imaging is not a first-line method 
for the diagnosis of COPD. However, it can provide 
information for enhancing diagnosis, advancing indi-
vidualized disease-phenotyping, and assisting with the 
assessment of responses to treatments. In this review, 
we will focus on how conventional medical imaging is 

used in COPD diagnosis, disease assessment/prognosis, 
treatment selection, and therapeutic development as well 
as how emerging techniques of molecular imaging can 
augment these conventional tools and possibly improve 
patient-centered outcomes.

Imaging modalities in disease assessment
Moving beyond the simply descriptive utility, imaging 
modalities have the potential to provide new opportuni-
ties to advance research and clinical care for patients with 
COPD. Imaging modalities can often accurately charac-
terize the pathology underlying COPD. As powerful tech-
nologies, imaging modalities can grade disease severity, 
prognosticate, and personalize phenotyping of COPD. 
Therefore, exploiting appropriate imaging modalities 
and metrics may enhance selection of “right patients” 
for “appropriate” therapies in prospective clinical trials. 
Such gains can allow for leaner and shorter clinical trial 
designs that employ imaging endpoints as surrogates for 
efficacy while retaining generalizability. Development of 
COPD takes several decades, and this is a major barrier 
to conduct clinical trials to assess effects of new thera-
pies within a reasonable duration (i.e. 6–18 months). This 
last point is worth emphasizing as the conventional and 
emerging imaging technologies can help overcome these 
challenges.

While the landscape of current imaging methods may 
be complex, it can be approached in a simplified ana-
tomic scheme where COPD can be seen as affecting one 
or more of the following compartments: (1) conducting 
airways (bronchi and bronchioles), (2) airspaces (alveoli) 
and interstitium involved in gas exchange, or (3) pul-
monary vasculature. Perturbation of pulmonary physi-
ology in these compartments can change the functions 
of ventilation, gas exchange and/or perfusion. Imaging 
modalities can then be divided into those that assess the 
anatomy (static biometrics) and those that assess the 
function of the anatomy (dynamic biometrics).

The following sections provide brief overviews of the 
various available imaging techniques and the quantita-
tive methods that have been developed on the basis of 
these modalities. We will then discuss static and dynamic 

Table 1  Imaging modalities general characteristics

a  Cost per scan may vary depending on the injected dose price. Adapted from [52]

Modality Physical principle Spatial resolution Parameters imaged Depth Acquisition time Cost per scana

(US $)

PET Radioactivity 1–2 mm Metabolism, immunology No limit minutes/hours $1000–$2000

SPECT Radioactivity 1–2 mm Metabolism, immunology No limit minutes/hours $1000–$1500

MRI Electro-magnetism < 100 µm Structure, metabolism No limit minutes/hours $800–$1200

CT X-ray < 100 µm Structure No limit seconds $600–$800
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imaging markers that have been employed in prognosti-
cation and population selection for therapy and as clini-
cal trial endpoints in COPD.

Computed tomography
CT has been the most developed and advanced imaging 
modality in COPD. While CT imaging has certainly sur-
passed traditional chest X-ray in allowing for the detec-
tion of mild forms of emphysema, CT also allows for 
precise and quantitative analysis of pathologic patterns 
while simultaneously providing information regarding 
regional severity of disease, which is a significant advan-
tage when compared with the global, low resolution data 
furnished by PFT.

Anatomically considered, airways, airspaces and vascu-
lature have all been evaluated using CT, and a variety of 
biometrics have been explored. The most widely adopted 
CT applications have been those developed for quantifi-
cation of airway thickness and the extent of emphysema. 
However, methods to quantify functional air trapping as 
well as vascular pathology have also been investigated.

Airway thickness is thought to reflect either the extent 
of airway inflammation or perichondral fibrosis and 
has been assessed using a variety of indices which have 
included: (1) airway wall area (WA), defined as the lumi-
nal area in cross section subtracted from the area of an 
airway in cross section where the radius of the circle 
extends to the outer edge of the airway wall (Ao), (2) ratio 
of airway thickness to total diameter of the airway, (3) 
percentage wall area (WA%), defined as WA/Ao x 100 [3, 
7] (Fig. 1), and (4) Pi10, which predicts the square root of 
the wall area for a hypothetical airway with an internal 
luminal perimeter of 10 mm. Importantly, WA% has been 
demonstrated to be inversely correlated to spirometric 
markers of obstruction such as FEV1 percent predicted 
[7].

Both qualitative and quantitative CT evaluation of 
emphysematous disease has been undertaken. While 
qualitative radiologic assessment of emphysema and dis-
tribution have been used in clinical trials, low attenuation 

area percent (LAA%, defined as the % of voxels below a 
certain threshold attenuation at total lung capacity, most 
often − 950 HU but also − 910 HU and − 960 HU) has 
become a standard value used to characterize emphy-
sema extent and has demonstrated good inverse correla-
tion with diffusing capacity and FEV1 [9].

Pulmonary air trapping has been assessed using both 
static and dynamic CT applications. For example, the 
ratio of mean lung density (MLD) on expiratory imaging 
referenced to MLD on inspiratory imaging was demon-
strated to correlate with FEV1 percentage predicted and 
the ratio of residual volume to total lung capacity (RV/
TLC); a plethysmographic measure of air trapping. Addi-
tionally, LAA% inferior to − 856 HU on expiratory CT 
has been employed as a static measure of air trapping 
[10].

Vascular pathology has not been well elucidated in 
COPD but is thought to involve distal pruning of blood 
vessels, endothelial dysfunction and a lack of inhibition 
of the hypoxic vasoconstrictive response in the presence 
of inflammation. As a global static measure, the pulmo-
nary artery-to-aorta (PA/Ao) ratio is readily obtainable 
by CT and believed to reflect the downstream pressure of 
the pulmonary arterial tree. As a surrogate for increased 
pulmonary pressure, PA/Ao outperformed echocardiog-
raphy and was reported to linearly correlate with mean 
PA pressure in patients with COPD [5]. A more advanced 
but time intensive procedure has been the attempt to 
quantify the heterogeneity of regional lung perfusion. For 
instance, MDCT-based assessment of pulmonary blood 
flow has also been used to evaluate heterogeneity of pul-
monary perfusion in patients with subclinical emphy-
sema and reported an increased coefficient of variance 
of both PBF and mean transit time [11]. Similarly, Iyer 
et al. [5] reported on the use of dual energy CT to assess 
pulmonary blood volume and its coefficient of variance, 
presumed surrogates of pulmonary perfusion and its dis-
tribution. Finally, segmentation of the pulmonary vascu-
lature has allowed for the measurement of the volume of 
vessels less than 5  mm3 (BV5) standardized to the total 
blood vessel volume as well as the non-vascular tissue 
volume (surrogate for V/Q mismatch), the latter of which 
was reported to be inversely related to pulmonary func-
tion test, diffusion capacity of carbon monoxide (DLCO) 
[12]. Considered together, vascular biometrics have cor-
related with exacerbation rates, response to vasodilators 
and resting oxygen saturation.

Magnetic resonance imaging
Noble gas MRI
One of the most compelling motives to adopt MR imag-
ing in the evaluation of pulmonary pathology has been 
the reality that this modality obviates the risks associated Fig. 1  Bronchial anatomy measurement explanatory diagram
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with ionizing radiation. While in previous decades MR 
imaging of the lung was greatly hindered due to the 
multiple air-tissue interfaces that resulted in magnetic 
field artifacts and poor signal-to-noise ratio, the advent 
of hyperpolarized gas (e.g. 3He) MRI has significantly 
advanced this field. Similar to CT, MRI is able to provide 
qualitative and quantitative regional data not otherwise 
obtainable by PFT. Early hyperpolarized gas MRI was 
performed with helium gas due to its greater magnetic 
moment which offered good image resolution. However, 
relative scarcity of 3He as well as the ability for higher 
levels of polarization has resulted in the ascendancy of 
hyperpolarized 129Xe MRI imaging. To date, ventilation 
defect percentage (VDP) and apparent diffusion coeffi-
cient (ADC) have been the principal parameters acquired 
with lung MRI. ADC is believed to reflect the theoreti-
cal Brownian motion of gas particles in the airspaces and 
is considered particularly sensitive in the detection of 
microstructural disease (e.g. very mild emphysema) [13]. 
Not only has 3He ADC correlated well with DLCO, it has 

demonstrated the capacity to distinguish COPD patients 
from healthy controls [14].

Aside from its relative abundance, hyperpolarized 
129Xe imaging has the incremental benefit over 3He in 
that it is highly tissue-soluble and possesses unique MR 
spectral peaks enabling the identification of different 
physical compartments, specifically 129Xe dissolved in the 
lung parenchyma and blood (Fig.  2) [15, 16]. Although 
the feasibility of employing hyperpolarized 129Xe MR to 
simultaneously image the distribution of both ventilation 
and gas uptake in COPD has been reported, to date no 
published studies have identified unique metrics relevant 
to specific phenotypes in COPD.

Oxygen‑enhanced MRI
In parallel with the development of hyperpolarized noble 
gas methods, research employing oxygen-enhanced pul-
monary MRI (OEMRI) for functional lung imaging has 
also evolved. Oxygen-enhanced MRI (performed with 
subjects breathing 100% oxygen) relies on the weakly 

Fig. 2  High resolution CT and hyperpolarized 129Xe dissolved-phase MR images in patient with COPD. In order, image reconstructions of gas (top 
left), tissue (left middle) and red blood cells (bottom left) compartments are presented. The paired color gradient images are fused reconstructions 
demonstrating relative gas content in the different compartment; tissue/gas, RBC/gas and RBC/tissue. Adapted from [16] with permission



Page 5 of 11Myc et al. Clin Trans Med            (2019) 8:12 

paramagnetic character of molecular oxygen and so relies 
on a T1 effect, allowing the use of conventional proton 
imaging (and so MR scanners) without the need for spe-
cialized radiofrequency coils [17]. This cost-sparing fea-
ture of OEMRI together with its capacity to assay both 
regional ventilation and oxygen transfer make it a com-
pelling candidate for routine functional pulmonary imag-
ing [18]. It remains to be seen whether the incremental 
information available with hyperpolarized noble gas 
methods is worth the additional costs associated with 
those technologies.

Nuclear medicine imaging
Positron emission tomography
Early detection of COPD can potentially afford more 
therapeutic opportunities for patients. Numerous cellular 
and molecular events are presumed to occur distinctively 
during the early or late phases and can reflect signa-
tures that can be targeted as the readouts of the imaging 
modalities. The current trend in the molecular imaging 
field is to develop these tools that can accurately identify 
and quantify the cellular and molecular derangements 
involved in the pathogenesis of COPD.

Most patients with COPD are diagnosed at advanced 
stages, and the biomolecular characteristics of these 
types of COPD patients are well established [19–25]. A 
number of molecular imaging tools have been developed 
to assess the inflammatory responses at the cellular level 
in varying stages of COPD pathogenesis.

18F-fluorodeoxyglucose (FDG) is the most commonly 
used PET radiotracer in nuclear medicine. FDG is an 
analog of glucose that becomes trapped in glucose-avid 
cells. Increased FDG accumulation in cells thus reflects 
increased glucose metabolic activity. Consequently, a 
positive signal on FDG PET images is the result of con-
trast between cells or tissue with high glucose metabo-
lism and those with low glucose metabolism. FDG has 
been used to detect pathology characterized by active 
inflammation. As applied to lung pathology, Jones et  al. 
[26] demonstrated a relation between FDG uptake 
and activated neutrophils. However, it is important 
to remember that FDG PET is not a direct indicator of 
neutrophils but reflects relative glucose metabolism. As 
the role of inflammatory cells such as neutrophils has 
been well established in the case of COPD and asthma, 
Jones et  al. [27] highlighted the potential of using FDG 
in addition to the use of a macrophage-targeted 11C-
PK1195 PET radiotracer to discriminate asthma from 
COPD in patients. Subsequently, a study of 30 patients 
divided into healthy, alpha1-antitrypsin deficiency and 
COPD groups reflecting different severities of inflam-
mation, showed that FDG PET could differentiate these 
three study groups (Fig. 3) [28]. Additionally, FDG uptake 

was correlated with the severity of COPD as assessed by 
FEV1 measurement. Despite these interesting results, 
quantification of FDG uptake by PET remains a chal-
lenge due to differences in tissue composition (parenchy-
mal/airway and endothelial cells) and immune cells, air, 
blood and water content. Methods of improved image 
quantitation have been developed to accommodate these 
variations and thus may allow for improved diagnosis. 
For instance, FDG signal can appear to be lower than 
anticipated despite a large influx of neutrophils and mac-
rophages observed [29]. This decrease in signal comes 
from an increase of the air fraction area in COPD lungs 
and is integrated in full lung area quantification methods 
[30]. Because of these variations, quantitative methods 
need to be applied regionally. To do so, tissue/cell specific 
radiotracers will need to be developed.

Single‑photon emission computed tomography
SPECT imaging has been used to visualize and assess 
pulmonary airways. Planar scintigraphy of the lungs has 
been utilized to obtain information about ventilation and 
perfusion in patients with emphysema who have under-
gone lung volume reduction surgery. Three-dimensional 
ventilation/perfusion (v/q) SPECT imaging procedures 
have been used to help diagnosis [31]. COPD patients 
have also been evaluated using Technegas (99mTc-labelled 
carbon particles). Technegas has the potential to provide 
valuable information for the diagnosis of COPD as it has 
been demonstrated to correlate positively with spiromet-
ric lung function. However, further studies are needed to 
validate the method.

Macrophages play an important role in COPD, and the 
presence of activated macrophages is well established 
in the context of pulmonary inflammation in COPD. 
An early study used a radiolabeled version of PK11195, 
a translocator protein-targeted agent 11C-PK11195 in 
COPD, asthma and healthy patient cohorts [27]. Devel-
opment of molecular imaging agents specific to matrix 
metalloproteases (MMPs) secreted by macrophages and 
other inflammatory cells would also aid in COPD diag-
nosis. MMPs play a key role in lung inflammation as 
they are responsible for the degradation of extracellular 
matrix as well as tissue remodeling [32, 33]. Several types 
of MMPs have been shown to be relevant as potential tar-
gets for COPD diagnosis. The role of MMP-9 and MMP-
12 in COPD staging have generated enough interest for 
Kondo et  al. [34] to evaluate four derivatives of ML5, a 
potent MMP inhibitor, as probes suitable for PET imag-
ing. The fluorinated compound 18F-IPFP, resulting from 
the conjugation of a prosthetic group 18F-NFP with iodi-
nated ML5, conserved high affinity after labeling and 
exhibited higher uptake in the lungs of a murine COPD 
model when compared with healthy murine lungs on 
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in  vivo images. Additionally, Golestani et  al. [32] were 
able to successfully image MMPs by SPECT/CT using the 
99mTc-labelled macrocyclic MMP-targeted agent RP805. 
In a lung-specific IL-13 knockout mouse model, the 
accumulation of RP805 was 2.5-fold higher than in wild-
type mice (Fig. 4). The radiotracer uptake correlated with 
MMP-12 content and also with CD68, a macrophage 
marker.

Imaging modalities in prognosis
In recent years, it has become clear that pulmonary func-
tion testing does not correlate well with functional sta-
tus of patients, anticipated decline in lung function over 
time, and mortality prediction. This shortcoming of PFT 
is reflected in the recent 2017 GOLD group classification 
system whereby escalation of medical therapy in the lon-
gitudinal management of COPD is now exclusively based 
upon the functional status of the patient and their exac-
erbation frequency rather than the prior spirometrically 

based classification system. For example, the 6 min walk 
has been an integral part of calculating long term mor-
tality in the BODE scoring system [35, 36]. During the 
earlier days of GOLD staging Forced Expiratory Volume 
in one second (FEV1) was exclusively used as the classify-
ing marker of pulmonary function [37]. However, limita-
tion of using FEV1 as a marker of disease severity became 
apparent especially when clinically relevant outcomes 
such as frequency of exacerbation and patient symp-
tomatology were considered. Based on these building 
experiences, BODE continues to be considered a strong 
predictor of survival, but the latest GOLD staging is now 
primarily focused on the frequency of COPD exacerba-
tion and scoring for symptomatology such as the modi-
fied Medical Research Counsil Dyspnea Score (MMRC) 
and COPD Assessment Test (CAT) [38].

More recently, frequency of COPD exacerbation has 
become an important outcome with significant finan-
cial and clinical impact. Prediction and prevention of 

Fig. 3  a Three-dimensional, b axial, and c coronal imaging illustrating the predominantly apical distribution of pulmonary 18fluorodeoxyglucose 
([18F]-FDG) uptake in a patient with usual chronic obstructive pulmonary disease (COPD). d The color scale gives the spectrum applied to the 
full range of [18F]-FDG uptake, so that each color band represents a range of 10% of the maximum signal, with the maximum signal represented 
by white and the minimum signal by black. (Reprinted from [28] with permission of the American Thoracic Society. Copyright © 2017 American 
Thoracic Society.)



Page 7 of 11Myc et al. Clin Trans Med            (2019) 8:12 

COPD exacerbations has become a priority in the effort 
to reduce morbidity and mortality and to control health-
care costs. Unfortunately, FEV1 has not been found to 
correlate well with frequency of exacerbations regardless 
of COPD phenotype [19]. In this environment, a number 
of studies have attempted to identify imaging methods 
useful in assessing future exacerbation risk. Two stud-
ies involving subjects enrolled in two major longitudi-
nal, observational studies of COPD (COPDGene and 
ECLIPSE) identified bronchial wall thickness, extent of 
lung emphysema and pulmonary artery-to-aorta ratio as 
significant predictors of acute exacerbations of COPD. 

Quantitative analysis of CT images of 1002 patients 
with COPD enrolled in the COPDGene study reported 
that every 5% increase in emphysema extent (in patients 
with > 35% total emphysema) and every 1-mm increase 
in bronchial wall thickness (the mean value of six seg-
mental airways) were associated with 1.18- and 1.84-fold 
increases in COPD exacerbation rate, respectively [3]. In 
another study of nearly 3500 from the COPDGene study, 
Wells et al. [39] identified a PA/Ao ratio of > 1 as signifi-
cantly associated with a history of severe exacerbations, a 
finding that was validated in the ECLIPSE cohort where 
in a multivariate analysis a PA:A ratio of > 1 was associ-
ated with increased risk of severe COPD and exacerba-
tions at 1 and 3 years (Odds Ratio (OR) 2.8 and 3.81 for 
severe exacerbations at year 1 and year 3, respectively; 
OR 2.17 and 6.68 for all exacerbations at year 1 and year 
3, respectively).

Interestingly, in a separate analysis of 2138 patients 
enrolled in the ECLIPSE study, Hurst et al. [40] reported 
that while every 5% increase in extent of low-attenuation 
areas was a predictor of increased exacerbation occur-
rence at 1 year of follow-up, this association did not sur-
vive multivariate analysis. The findings of this study may 
be reconciled with the Han study, as it appears that bron-
chial wall thickness may have a greater influence on exac-
erbation rates in subjects with levels of emphysema < 35% 
[3].

Both quantitative and non-quantitative CT-based 
assessment of COPD have also been directly associated 
with mortality. For example, in the Norwegian Gen-
KOLS study of 947 ever-smokers, Johannessen et al. [41] 
reported an increasing mortality associated with pro-
gressively higher rates of emphysema as assessed by the 
quantitative emphysema severity metric of percent low 
attenuation area inferior to − 950 HU. Interestingly, in 
an analysis of 3171 subjects enrolled in the COPDGene 
study, Lynch et  al. [42] reported significant associations 
between mortality and emphysema classification as 
assessed by the five-point, non-quantitative Fleischner 
grading scale. Even after adjustment for the low attenua-
tion area inferior to − 950 HU, non-quantitative emphy-
sema severity was associated with increased hazard ratios 
for mortality in moderate and confluent emphysema 
grades [42].

Taken together, these studies suggest that use of CT 
may be able to stratify patients with COPD on the basis 
of prognosis both in terms of anticipated exacerbation 
and mortality rates. In turn, these populations may then 
be targeted for earlier, more aggressive medical therapy. 
Such imaging-based prognostication may urge the adop-
tion of an early lung-transplantation referral strategy for 
certain high-risk groups.

Fig. 4  In vivo small-animal SPECT/CT imaging of MMP activation. 
a–c Examples of coronal (left) and transversal (right) views of fused 
small-animal SPECT/CT images of WT mice injected with RP805 (a) 
and CC10-IL-13 Tg mice injected with RP805 (b) or its control, amide 
analog tracer (c). d Small-animal SPECT–derived quantification 
tracer uptake in lungs. N = 5, 6, 13, and 5, respectively, for WT mice 
injected with RP805 and CC10-IL-13 Tg mice injected with RP805 or 
amide, control analog. *P, 0.01. **P, 0.001. cpv 5 counts per voxel; ID 5 
injected dose. (This research was originally published in JNM [32]. © 
by the Society of Nuclear Medicine and Molecular Imaging, Inc.)
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Imaging modalities in therapy selection
Although not entirely independent of prognosis, another 
clinically valuable application of imaging modalities in 
COPD is the identification of patient subpopulations/
phenotypes most likely to benefit from selective, targeted 
therapies. The premier example of such an imaging appli-
cation has been in the identification of patients who may 
benefit from surgical and endobronchial lung volume 
reduction strategies. In the landmark randomized trial 
comparing surgical lung volume reduction (LVRS) to 
medical therapy for severe emphysema in 1218 patients, 
overall mortality was not significantly different between 
the surgically and medically treated groups (0.11 death 
per person-years in both groups) [43]. However, a par-
tially pre-specified subgroup analysis suggested that the 
distribution of emphysema as assessed by high-resolu-
tion CT was important in distinguishing patients that 
could be expected to benefit from LVRS from those that 
could be expected to experience harm [43]. In particular, 
patients with upper-lobe predominant emphysema and 
a low maximal workload post pulmonary rehabilitation 
were found to derive significant mortality benefit from 
LVRS (RR 0.47, P = 0.005) when compared with patients 
randomized to medical therapy. These patients also 
experienced improvement in quality of life and exercise 
capacity. On the other hand, patients with predominantly 
homogeneous emphysema and a high maximal workload 
were found to experience significant harm from the sur-
gical intervention, with a statistically higher risk of death 
(RR 2.06, P = 0.02) when compared with the medical 
therapy group [43].

In a randomized trial investigating the benefit of a 
bronchoscopic approach to lung volume reduction with 
placement of one-way endobronchial valves, heterogene-
ity of emphysema as assessed by HRCT was used both 
as an enrollment as well as a targeting strategy. In this 
study design, the lobes targeted for endobronchial valve 
placement were required to have greater emphysematous 
involvement (as assessed by proportion of voxels infe-
rior to − 910) than the ipsilateral, adjacent lobe meeting 
a pre-specified minimum threshold [44]. Improvements 
in lung function, exercise tolerance and symptoms were 
appreciated in the bronchoscopic intervention group 
of this trial. While the use of emphysema distribution 
and heterogeneity in these two trials may appear to be 
somewhat gross and imprecise, it does demonstrate that 
the adoption of medical imaging can be instrumental in 
patient selection for therapies in COPD.

Aside from these mechanical therapies for advanced 
emphysematous disease, the use of CT to monitor the 
response to medical therapies have also been investigated. 

Notably, in a study of 3661 COPD patients enrolled in the 
COPDGene study, Kim et  al. [45] reported that airway 
wall thickness as assessed by multiple metrics including 
wall area percent, was found to be significantly increased 
in COPD patients that were responsive to bronchodilator 
therapy as defined by American Thoracic Society criteria.

Other examples of imaging modalities in evaluating 
responses to therapy are significantly more investigative 
but may serve as harbingers of future applications. In par-
ticular, the feasibility of quantifying the dynamic effects 
of bronchodilators in patients with COPD has been dem-
onstrated both with serial HRCT as well as hyperpolar-
ized 3He MR imaging [46, 47]. The latter is of particular 
interest as Kirby et al. reported significant improvements 
in ventilation (quantified as ventilation defect percent), 
which could be detected even in COPD subjects without 
significant bronchodilator response when evaluated by 
spirometry.

In a more recent study, Iyer et al. [48] demonstrated the 
feasibility of using dual-energy CT (DECT) to evaluate 
the presence of re-distribution of pulmonary blood flow 
in response to a vasodilator, sildenafil. In their investiga-
tion, 17 current smokers with normal pulmonary func-
tion as assessed by PFTs were divided into 2 groups based 
on CT evidence of centrilobular emphysema, where sub-
jects with evidence of emphysema were considered sus-
ceptible-smokers (n = 10) and subjects without evidence 
of emphysema were considered non-susceptible smokers 
(n = 7). The authors reported that susceptible smokers 
were characterized by increased central pulmonary arte-
rial volumes, believed to represent increased peripheral 
resistance, and that administration of sildenafil in these 
same subjects resulted in decreased heterogeneity of 
regional pulmonary perfused blood volume, a surrogate 
for pulmonary blood flow; an effect not appreciated in 
the non-susceptible smokers. Such findings suggest the 
presence of a reversible endothelial pathology in smokers 
with imaging evidence of emphysema.

Additionally, radiopaque noble gases like xenon have 
been used in combination with DECT to inform about 
ventilation and perfusion of the lungs. In this case, it is 
possible to discriminate xenon and other substances 
like calcium by their respective absorption properties at 
low and high energies. Recent work from Lee et al. [49] 
compared parenchymal attenuation changed in COPD 
patients. The cohort underwent xenon ventilation DECT 
during wash in and wash out phases and PFTs. The inves-
tigators found out that xenon ventilation change cor-
related with parenchymal change and predicted more 
accurate PFTs.
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Imaging modalities in clinical trials
Imaging modalities can facilitate the development of 
novel and investigative therapies for COPD by trans-
forming the design of clinical trials in three significant 
ways: (1) identifying COPD patients at early preclinical 
stages that may be most responsive to disease-mod-
ifying medical and lifestyle interventions, (2) refin-
ing target COPD populations for specific therapies by 
employing imaging techniques described in previous 
sections and (3) furnishing sensitive study end-points 
that correspond to incremental therapeutic benefits not 
detectable by global functional assessment, thus allow-
ing for parsimonious study design. In the previous sec-
tion we described several imaging techniques that may 
be employed to enrich target populations for therapies 
including lung volume reduction, bronchodilators, and 
vasodilators. Such techniques may be used to target 
specific COPD phenotypes for intervention in future 
clinical trials.

Perhaps the most salient examples of this second use 
of imaging modalities in clinical trial design have been 
the studies of enzyme therapy in alpha-1 antitrypsin 
deficient patients. Investigators from the RAPID Trial 
Study group as well the Danish-Dutch and EXACTLE 
studies evaluating the efficacy of intravenous alpha-1 
proteinase inhibitor augmentation in this patient popu-
lation employed changes in CT-densitometry metrics as 
primary endpoints in these studies and reported statisti-
cally significant reductions in emphysema progression as 
assessed by these markers, efficacy which was not detect-
able by global FEV1 assessment over the 2–3 year courses 
of these trials [50, 51]. More recently, these methods 
were instantiated in the more generalizable population 
of the MESA Lung study. In this longitudinal cohort 
study, Aaron et  al. [4] reported that regular aspirin use 
was associated with slower progression of emphysema 
as assessed by CT (percent emphysema, voxels inferior 
to − 950HU). These examples underscore the potential 
value of imaging modalities as surrogates for signifi-
cant patient-centered outcomes not only in rare pheno-
types of COPD but in COPD broadly where statistically 
significant changes in global lung function as well as 
patient-centered outcomes such as functional status and 
mortality may take years or decades to detect in prospec-
tively designed trials.

Conclusion
Despite medical tools currently available to clinicians, 
COPD is difficult to diagnose as symptoms are confound-
ing with other pulmonary diseases. As inflammation is 
a major component of COPD along with intimate lung 

structure modifications, a cellular and molecular imag-
ing approach is necessary to better understand, diag-
nose and treat the disease. Active research in the field is 
ongoing and will eventually permit monitoring of leuko-
cyte infiltration and matrix degradation for a differential 
diagnosis of lung disease. Indeed, the combination of 
conventional imaging technique such CT and MRI with 
molecular imaging tools like PET and SPECT is antici-
pated to improve the field and to expand the possibili-
ties to detect crucial elements in COPD pathogenesis. 
These emerging imaging technologies are anticipated to 
foster and promote novel understanding of pathogen-
esis, early detection for effective prevention, and rapid 
and timely development of potentially disease-modifying 
therapeutics.

Abbreviations
COPD: chronic obstructive pulmonary disease; PFT: pulmonary function test-
ing; CT: computed tomography; MRI: magnetic resonance imaging; SPECT: 
single photon emission computed tomography; PET: positrons emitting 
tomography; KeV: kilo electron volt; WA%: wall area percent; LAA%: low 
attenuation area percent; HU: Hounsfield unit; FEV1: force expiratory volume 
in the first second; MLD: mean lung density; RV: residual volume; TLC: total 
lung capacity; MDCT: multi detector computed tomography; PBF: percent 
body fat; DLCO: diffusion capacity of carbon monoxide; VDP: ventilation defect 
percentage; OEMRI: oxygen-enhanced magnetic resonance imaging; ADC: 
apparent diffusion coefficient; MR: magnetic resonance; FDG: fluoro deoxy 
glucose; MMP: matrix metalloprotease; OR: odds ratio; LVRS: lung volume 
reduction surgery; HRCT​: high resolution computed tomography; DECT: dual 
energy computed tomography.

Authors’ contributions
LAM wrote the manuscript, YMS and VEL critically reviewed and revised 
the manuscript. JD wrote and revised the manuscript. All authors read and 
approved the final manuscript.

Author details
1 Department of Medicine, Division of Pulmonary and Critical Care Medicine, 
University of Virginia School of Medicine, P.O. Box 400546, Charlottesville, VA, 
USA. 2 Department of Surgery, Division of Thoracic Surgery, University of Vir-
ginia School of Medicine, P.O. Box 801359, Charlottesville, VA, USA. 3 Depart-
ment of Biomedical Engineering, University of Virginia School of Medicine, P.O. 
Box 800759, Charlottesville, VA 22908, USA. 

Acknowledgements
None.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
Not applicable.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Funding
Funding was provided by National Institutes of Health [NIH R01 HL130053 
(VEL); NIH R01 HL132287 (YMS); NIH R01 HL132177 (YMS)].



Page 10 of 11Myc et al. Clin Trans Med            (2019) 8:12 

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 19 October 2018   Accepted: 9 April 2019

References
	1.	 Mannino DM, Buist AS (2007) Global burden of COPD: risk factors, preva-

lence, and future trends. Lancet 370(9589):765–773
	2.	 McDonough JE, Yuan R, Suzuki M, Seyednejad N, Elliott WM, Sanchez PG 

et al (2011) Small-airway obstruction and emphysema in chronic obstruc-
tive pulmonary disease. N Engl J Med 365(17):1567–1575

	3.	 Han MK, Kazerooni EA, Lynch DA, Liu LX, Murray S, Curtis JL et al (2011) 
Chronic obstructive pulmonary disease exacerbations in the COPDGene 
study: associated radiologic phenotypes. Radiology 261(1):274–282

	4.	 Aaron CP, Schwartz JE, Hoffman EA, Angelini E, Austin JHM, Cushman M 
et al (2018) A longitudinal cohort study of aspirin use and progression 
of emphysema-like lung characteristics on ct imaging: the MESA Lung 
Study. Chest 154(1):41–50

	5.	 Iyer AS, Wells JM, Vishin S, Bhatt SP, Wille KM, Dransfield MT (2014) CT 
scan-measured pulmonary artery to aorta ratio and echocardiogra-
phy for detecting pulmonary hypertension in severe COPD. Chest 
145(4):824–832

	6.	 Hueper K, Vogel-Claussen J, Parikh MA, Austin JH, Bluemke DA, Carr J et al 
(2015) Pulmonary microvascular blood flow in mild chronic obstructive 
pulmonary disease and emphysema. The MESA COPD Study. Am J Respir 
Crit Care Med 192(5):570–580

	7.	 Nakano Y, Muro S, Sakai H, Hirai T, Chin K, Tsukino M et al (2000) Com-
puted tomographic measurements of airway dimensions and emphy-
sema in smokers. Correlation with lung function. Am J Respir Crit Care 
Med 162(3 Pt 1):1102–1108

	8.	 Bushberg JT, Seibert JA, Leidholdt EM, Boone JM, Mahesh M (2013) 
The essential physics of medical imaging, third edition. Med Phys 
40(7):077301

	9.	 Ostridge K, Williams NP, Kim V, Harden S, Bourne S, Clarke SC et al (2018) 
Relationship of CT-quantified emphysema, small airways disease and 
bronchial wall dimensions with physiological, inflammatory and infective 
measures in COPD. Respir Res 19(1):31

	10.	 Hoffman EA, Lynch DA, Barr RG, van Beek EJ, Parraga G, Investigators 
I (2016) Pulmonary CT and MRI phenotypes that help explain chronic 
pulmonary obstruction disease pathophysiology and outcomes. J Magn 
Reson Imaging 43(3):544–557

	11.	 Alford SK, van Beek EJR, McLennan G, Hoffman EA (2010) Heterogene-
ity of pulmonary perfusion as a mechanistic image-based pheno-
type in emphysema susceptible smokers. Proc Natl Acad Sci U S A 
107(16):7485–7490

	12.	 Estepar RS, Kinney GL, Black-Shinn JL, Bowler RP, Kindlmann GL, Ross JC 
et al (2013) Computed tomographic measures of pulmonary vascular 
morphology in smokers and their clinical implications. Am J Respir Crit 
Care Med 188(2):231–239

	13.	 Pike D, Kirby M, Guo F, McCormack DG, Parraga G (2015) Ventilation 
heterogeneity in ex-smokers without airflow limitation. Acad Radiol 
22(8):1068–1078

	14.	 van Beek EJR, Dahmen AM, Stavngaard T, Gast KK, Heussel CP, Krum-
menauer F et al (2009) Hyperpolarised 3He MRI versus HRCT in COPD and 
normal volunteers: PHIL trial. Eur Respir J 34(6):1311–1321

	15.	 Mugler JP, Altes TA, Ruset IC, Dregely IM, Mata JF, Miller GW et al (2010) 
Simultaneous magnetic resonance imaging of ventilation distribution 
and gas uptake in the human lung using hyperpolarized xenon-129. Proc 
Natl Acad Sci U S A 107(50):21707–21712

	16.	 Qing K, Shim YM, Tustison NJ, Altes TA, Ruppert K, Mata JF, et al. Hyperpo-
larized xenon-129 MRI: a new tool to evaluate COPD. American Thoracic 
Society; 2016; p A1049

	17.	 Ohno Y, Hatabu H (2007) Basics concepts and clinical applications of 
oxygen-enhanced MR imaging. Eur J Radiol 64(3):320–328

	18.	 Fuseya Y, Muro S, Sato S, Tanabe N, Sato A, Tanimura K et al (2018) 
Complementary regional heterogeneity information from COPD 

patients obtained using oxygen-enhanced MRI and chest CT. PLoS ONE 
13(8):e0203273

	19.	 Izquierdo-Alonso JL, Rodriguez-Gonzálezmoro JM, de Lucas-Ramos P, 
Unzueta I, Ribera X, Antón E et al (2013) Prevalence and characteristics 
of three clinical phenotypes of chronic obstructive pulmonary disease 
(COPD). Respir Med 107(5):724–731

	20.	 Márquez-Martín E, Ramos PC, López-Campos JL, del Serrano Gotarredona 
M P, Herrero SN, Aguilar RT et al (2011) Components of physical capacity 
in patients with chronic obstructive pulmonary disease: relationship with 
phenotypic expression. Int J Chron Obstruct Pulmon Dis 6:105–112

	21.	 Paige M, Burdick MD, Kim S, Xu J, Lee JK, Shim YM (2011) Pilot analysis of 
the plasma metabolite profiles associated with emphysematous Chronic 
Obstructive Pulmonary Disease phenotype. Biochem Biophys Res Com-
mun 413(4):588–593

	22.	 Carolan BJ, Hughes G, Morrow J, Hersh CP, O’Neal WK, Rennard S et al 
(2014) The association of plasma biomarkers with computed tomogra-
phy-assessed emphysema phenotypes. Respir Res 15:127

	23.	 Nakamura M, Nakamura H, Minematsu N, Chubachi S, Miyazaki M, 
Yoshida S et al (2014) Plasma cytokine profiles related to smoking-
sensitivity and phenotypes of chronic obstructive pulmonary disease. 
Biomarkers 19(5):368–377

	24.	 Golpe R, Sanjuán López P, Cano Jiménez E, Castro Añón O, Pérez de Llano 
LA (2014) Distribution of clinical phenotypes in patients with chronic 
obstructive pulmonary disease caused by biomass and tobacco smoke. 
Arch Bronconeumol 50(8):318–324

	25.	 Kim V, Davey A, Comellas AP, Han MK, Washko G, Martinez CH et al (2014) 
Clinical and computed tomographic predictors of chronic bronchitis in 
COPD: a cross sectional analysis of the COPDGene study. Respir Res 15:52

	26.	 Jones H (2002) Kinetics of lung macrophages monitored in vivo following 
particulate challenge in rabbits. Toxicol Appl Pharmacol 183(1):46–54

	27.	 Jones HA, Marino PS, Shakur BH, Morrell NW (2003) In vivo assessment 
of lung inflammatory cell activity in patients with COPD and asthma. Eur 
Respir J 21(4):567–573

	28.	 Subramanian DR, Jenkins L, Edgar R, Quraishi N, Stockley RA, Parr DG 
(2012) Assessment of pulmonary neutrophilic inflammation in emphy-
sema by quantitative positron emission tomography. Am J Respir Crit 
Care Med 186(11):1125–1132

	29.	 Faner R, Cruz T, Agustí A (2013) Immune response in chronic obstructive 
pulmonary disease. Expert Rev Clin Immunol. 9(9):821–833

	30.	 Jörgensen K, Müller MF, Nel J, Upton RN, Houltz E, Ricksten S-E (2007) 
Reduced intrathoracic blood volume and left and right ventricular 
dimensions in patients with severe emphysema: an MRI study. Chest 
131(4):1050–1057

	31.	 Jögi J, Ekberg M, Jonson B, Bozovic G, Bajc M (2011) Ventilation/perfu-
sion SPECT in chronic obstructive pulmonary disease: an evaluation by 
reference to symptoms, spirometric lung function and emphysema, as 
assessed with HRCT. Eur J Nucl Med Mol Imaging 38(7):1344–1352

	32.	 Golestani R, Razavian M, Ye Y, Zhang J, Jung J-J, Toczek J et al (2017) Matrix 
metalloproteinase-targeted imaging of lung inflammation and remod-
eling. J Nucl Med 58(1):138–143

	33.	 Li W, Li J, Wu Y, Wu J, Hotchandani R, Cunningham K et al (2009) A 
selective matrix metalloprotease 12 inhibitor for potential treatment of 
chronic obstructive pulmonary disease (COPD): discovery of (S)-2-(8-
(methoxycarbonylamino)dibenzo[b, d]furan-3-sulfonamido)-3-methylbu-
tanoic acid (MMP408). J Med Chem 52(7):1799–1802

	34.	 Kondo N, Temma T, Aita K, Shimochi S, Koshino K, Senda M et al (2018) 
Development of matrix metalloproteinase-targeted probes for lung 
inflammation detection with positron emission tomography. Sci Rep 
8(1):1347

	35.	 Esteban C, Quintana JM, Moraza J, Aburto M, Aguirre U, Aguirregomo-
scorta JI et al (2010) BODE-Index vs HADO-score in chronic obstructive 
pulmonary disease: which one to use in general practice? BMC Med 8:28

	36.	 Celli BR, Cote CG, Marin JM, Casanova C, Montes de Oca M, Mendez RA 
et al (2004) The body-mass index, airflow obstruction, dyspnea, and 
exercise capacity index in chronic obstructive pulmonary disease. N Engl 
J Med 350(10):1005–1012

	37.	 Rabe KF, Hurd S, Anzueto A, Barnes PJ, Buist SA, Calverley P et al (2007) 
Global strategy for the diagnosis, management, and prevention of 
chronic obstructive pulmonary disease. Am J Respir Crit Care Med 
176(6):532–555



Page 11 of 11Myc et al. Clin Trans Med            (2019) 8:12 

	38.	 Gold Reports 2018 [Internet]. Global initiative for chronic obstructive lung 
disease—GOLD. https​://goldc​opd.org/gold-repor​ts/. Accessed 16 Oct 
2018

	39.	 Wells JM, Washko GR, Han MK, Abbas N, Nath H, Mamary AJ et al (2012) 
Pulmonary arterial enlargement and acute exacerbations of COPD. N 
Engl J Med 367(10):913–921

	40.	 Hurst JR, Vestbo J, Anzueto A, Locantore N, Mullerova H, Tal-Singer R et al 
(2010) Susceptibility to exacerbation in chronic obstructive pulmonary 
disease. N Engl J Med 363(12):1128–1138

	41.	 Johannessen A, Skorge TD, Bottai M, Grydeland TB, Nilsen RM, Coxson H 
et al (2013) Mortality by level of emphysema and airway wall thickness. 
Am J Respir Crit Care Med 187(6):602–608

	42.	 Lynch DA, Moore CM, Wilson C, Nevrekar D, Jennermann T, Humphries 
SM et al (2018) CT-based visual classification of emphysema: association 
with mortality in the COPD Gene Study. Radiology 288:859–866

	43.	 Fishman A, Martinez F, Naunheim K, Piantadosi S, Wise R, Ries A et al 
(2003) A randomized trial comparing lung-volume-reduction sur-
gery with medical therapy for severe emphysema. N Engl J Med 
348(21):2059–2073

	44.	 Sciurba FC, Ernst A, Herth FJ, Strange C, Criner GJ, Marquette CH et al 
(2010) A randomized study of endobronchial valves for advanced 
emphysema. N Engl J Med 363(13):1233–1244

	45.	 Kim V, Desai P, Newell JD, Make BJ, Washko GR, Silverman EK et al (2014) 
Airway wall thickness is increased in COPD patients with bronchodilator 
responsiveness. Respir Res 15:84

	46.	 De Luca N, Capuzi P, D’Angeli AL, D’Antoni L, Pavone P, De Santis M et al 
(1999) High resolution computed tomography (HRCT) assessment of 
beta 2-agonist induced bronchodilation in chronic obstructive pulmo-
nary disease patients. Eur Rev Med Pharmacol Sci 3(2):83–87

	47.	 Kirby M, Mathew L, Heydarian M, Etemad-Rezai R, McCormack DG, Par-
raga G (2011) Chronic obstructive pulmonary disease: quantification of 
bronchodilator effects by using hyperpolarized (3)He MR imaging. Radiol-
ogy 261(1):283–292

	48.	 Iyer KS, Newell JD Jr, Jin D, Fuld MK, Saha PK, Hansdottir S et al (2016) 
Quantitative dual-energy computed tomography supports a vascular 
etiology of smoking-induced inflammatory lung disease. Am J Respir Crit 
Care Med 193(6):652–661

	49.	 Lee SM, Kim SS, Hwang HJ, Seo JB. Imaging of COPD. In: COPD [Internet]. 
Berlin, Heidelberg: Springer Berlin Heidelberg; 2017. p 87–127

	50.	 Chapman KR, Burdon JG, Piitulainen E, Sandhaus RA, Seersholm N, Stocks 
JM et al (2015) Intravenous augmentation treatment and lung density in 
severe alpha1 antitrypsin deficiency (RAPID): a randomised, double-blind, 
placebo-controlled trial. Lancet 386(9991):360–368

	51.	 Stockley RA, Parr DG, Piitulainen E, Stolk J, Stoel BC, Dirksen A (2010) 
Therapeutic efficacy of alpha-1 antitrypsin augmentation therapy on the 
loss of lung tissue: an integrated analysis of 2 randomised clinical trials 
using computed tomography densitometry. Respir Res 11:136

	52.	 Dimastromatteo J, Charles EJ, Laubach VE (2018) Molecular imaging of 
pulmonary diseases. Respir Res 19(1):17

https://goldcopd.org/gold-reports/

	Role of medical and molecular imaging in COPD
	Abstract 
	Background
	Imaging modalities in disease assessment
	Computed tomography
	Magnetic resonance imaging
	Noble gas MRI
	Oxygen-enhanced MRI

	Nuclear medicine imaging
	Positron emission tomography
	Single-photon emission computed tomography


	Imaging modalities in prognosis
	Imaging modalities in therapy selection
	Imaging modalities in clinical trials
	Conclusion
	Authors’ contributions
	References




