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Abstract: Exacerbations of chronic obstructive pulmonary disease (COPD) are currently

diagnosed based on changes in respiratory symptoms. Characterizing the imaging manifesta-

tion of exacerbations could be useful for objective diagnosis of exacerbations in the clinic

and clinical trials, as well as provide a mechanism for monitoring exacerbation treatment and

recovery. In this systematic review, we employed a comprehensive search across three

databases (Medline, EMBASE, Web of Science) to identify studies that performed imaging

of the thorax at COPD exacerbation. We included 51 from a total of 5,047 articles which met

all our inclusion criteria. We used an adapted version of the Modified Newcastle-Ottawa

Quality Assessment Scale for cohort studies to assess the quality of the included studies.

Conclusions were weighted towards higher-quality articles. We identified a total of 36

thoracic imaging features studied at exacerbation of COPD. Studies were generally hetero-

geneous in their measurements and focus. Nevertheless, considering studies which performed

consecutive imaging at stable state and exacerbation, which scored highest for quality, we

identified salient imaging biomarkers of exacerbations. An exacerbation is characterized by

airway wall and airway calibre changes, hyperinflation, pulmonary vasoconstriction and

imaging features suggestive of pulmonary arterial hypertension. Most information was

gained from CT studies. We present the first ever composite imaging signature of COPD

exacerbations. While imaging during an exacerbation is comparatively new and not compre-

hensively studied, it may uncover important insights into the acute pathophysiologic changes

in the cardiorespiratory system during exacerbations of COPD, providing objective con-

firmation of events and a biomarker of recovery and treatment response.

Keywords: COPD, radiology and other imaging, emphysema

Introduction
Exacerbations of chronic obstructive pulmonary disease (COPD) impose a great burden

on patients’ quality of life and healthcare systems. In addition to causing significant

increases in mortality and disease progression, exacerbations of COPD amount to

$18 billion in direct costs annually, as well as further spending associated with care

and losses in productivity.1 According to the Global initiative for Chronic Obstructive

Lung Disease (GOLD), an exacerbation is “an episode characterized by an acute

worsening of respiratory symptoms which results in additional therapy.”2 Reducing the

frequency and severity of exacerbations is a major goal in the management of COPD.

Despite the importance of exacerbations, our understanding of these events is

incomplete. In particular, the current definition of an exacerbation, being grounded
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solely in a change in symptoms, does not take into account

underlying structural and physiological changes that occur

in the lung. A worsening of respiratory symptoms may,

alternatively or additionally, be caused by other co-morbid

conditions. Thus, in clinical practice, exacerbation is

a clinical diagnosis of exclusion – if a patient presents

with worsening respiratory symptoms and if no alternative

conditions are diagnosed then the patient is classified as

having an exacerbation. Medical imaging may, therefore,

provide the means to inform care for exacerbation in three

ways. First, it could enable a “positive” diagnosis of

exacerbation, which could diminish misdiagnosis due to

comorbidities and facilitate quantification of the effects of

novel drugs during clinical trials. Second, identifying rele-

vant changes in the lung at exacerbation is a step towards

an improved understanding of pathophysiology and might

motivate the development of new therapies. Finally, dis-

covery of rigorous imaging biomarkers of exacerbation

could lay the foundations for exacerbation phenotyping.

In this work, we systematically review the available

research in which thoracic imaging has been performed at

exacerbation of COPD, to determine which imaging bio-

markers are characteristic of an exacerbation. There is no

prior systematic review of imaging biomarkers at exacer-

bation of COPD.

Patients and Methods
Study Population
We searched for studies including patients with COPD

experiencing an exacerbation during which imaging of

the thorax was performed. Studies that discussed imaging

features that predict or correlate with future exacerbation

risk but did not perform imaging at exacerbation were

excluded. Studies that enrolled COPD patients for undif-

ferentiated acute respiratory episodes were considered

(even if there was no explicit definition of exacerbation),

but only when they employed consecutive enrolment. Such

studies were included in order to ensure we captured cases

which were presenting with potential exacerbations.

Studies which selectively enrolled for alternative condi-

tions such as pulmonary embolism and pneumonia were

excluded.

Both cross-sectional studies, which performed imaging

only at exacerbation, and longitudinal studies, which per-

formed imaging at additional time-points either before or

after an exacerbation were included.

Literature Search
The search strategy was developed in accordance with the

Preferred Reporting Items for Systematic Reviews and

Meta-Analyses (PRISMA) guidelines3 and the PICO/

PECO framework4 with the following fields:

● Problem: Chronic Obstructive Pulmonary Disease

(COPD)
● Exposure: Exacerbation of COPD
● Comparison: Stable COPD
● Outcomes: Catalogue of imaging features (“biomar-

kers”) which characterize an exacerbation.

We employed a broad search strategy. Three databases

were searched up to November 24, 2019 – Medline,

EMBASE and Web of Science. We used text terms,

Medical Subject Headings (MeSH) terms in Medline and

Emtree terms in EMBASE. The terms we used can be

grouped into three categories: terms describing COPD,

terms describing exacerbations and terms describing ima-

ging. We matched the search strategies in each of the three

databases as closely as possible. There were no filters

imposed on the searches in order to maximize sensitivity.

The systematic review was registered on the

International Prospective Register for Systematic

Reviews – PROSPERO (Unique ID: CRD42018095417)5

before the start of data extraction. The type of articles

included were all original research studies. We did not

find any existing systematic reviews on the topic.

Reviews, editorials, letters, opinions or conference

abstracts and proceedings were excluded. Only articles in

English and studies in human subjects were included. For

the purposes of this review, imaging was defined as

encompassing the typical clinical imaging modalities

(CT, X-ray, MRI, Ultrasound, PET, SPECT, etc.), but not

microscopy or direct cell imaging techniques.

The review proceeded by first combining and de-

duplicating search results in the software package

EndNote, Philadelphia, PA, USA.6 Further to this, the de-

duplicated results were exported to the online systematic

review platform Rayyan, Doha, Qatar,7 where screening of

titles and abstracts was independently performed by two

authors (BAR and JRH). The authors were blinded to each

other’s decisions. At this stage, further identification and

removal of duplicate records was performed (Figure 1).

Upon completion of screening, conflicts between the two

authors were resolved by reading the complete papers and
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discussion. After screening, the included studies were

exported to another EndNote library and classified by

imaging modality. The articles were then read in full and

articles that were found to not meet inclusion criteria were

excluded.

Data Extraction
A standardized data extraction table for capturing key

information was developed before reading the full studies

(Table 1). We also created a list of Imaging Biomarkers,

included as Table S1.

PRISMA 2009 Flow Diagram
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Additional records identified 

through other sources

(n = 1)

Records after duplicates removed

(n =   5,047)

Records screened

(n = 5,047)

Records excluded based on title and 

abstracts:

(n = 4,878)

- Not relevant (n = 4,832)

- Selective for pneumonia (n = 5)

- Selective for pulmonary embolus (n 

= 4)

- Non-chest imaging (n = 15)

- Review (n = 22)

Full-text articles assessed 

for eligibility

(n = 169)

Full-text articles excluded, with 

reasons

(n = 118)

- Not primary article (n = 4)

- Not peer reviewed (n = 73)

- Language (n = 10)

- No chest imaging discussed (n = 8)

- No specific imaging features 

discussed (n = 12)

- COPD or exacerbation not 

confirmed (n = 7)

- Unable to extract data for COPD 

patients from other conditions (n = 

4)

Studies included in 

qualitative synthesis

( n = 51 )

Studies included in 

quantitative synthesis 

(meta-analysis)

Not Applicable

Duplicates removed:

(n = 1,672)

- Automatic (EndNote) n = 1,228

- Manual (Rayyan) n = 444

Figure 1 PRISMA flow chart. Studies were excluded both at screening and at full-text review, leading to a total of 51 studies included in the qualitative synthesis.
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In addition to the imaging biomarkers, further relevant

information was captured from each article. Where

described in the articles, we recorded COPD severity

when stable: depending on the availability of this informa-

tion, preference was given to GOLD stage, followed by

forced expiratory volume in 1 second (FEV1) % predicted

and finally FEV1/FVC (forced vital capacity). We recorded

the timing of imaging to describe when imaging was

performed in relation to the exacerbation time-course.

Information on ascertainment of clinical diagnosis of

exacerbation was collected and used for quality assess-

ment (see below).

Quality Assessment
Each study was assessed for quality using a 5-point grad-

ing system. We selected the Modified Newcastle-Ottawa

Quality Assessment Scale (NOS) for Cohort Studies.8 It

awards points to studies in three categories: Patient

Selection (maximum 4 points), Comparability (maximum

2 points) and Outcome (maximum 3 points), allowing

a maximum of 9 points for the highest quality studies.

We modified the NOS to make it more applicable for the

types of studies we were reporting – the original wording

of each criterion from the NOS Scale, our modified deci-

sion rules in the context of imaging for COPD exacerba-

tions and the maximum points awarded are described in

Table S2. A confirmed clinical diagnosis of exacerbation

was an inclusion criterion for our study, and the thorough-

ness of describing the criteria for confirming exacerbation

contributed а point on our quality scale. For the modified

criteria, the maximum score was 5 with a higher score

representing higher quality. When synthesising evidence,

we gave greatest weight to the studies of highest quality.

Results
Search Results
The search returned a total of 6,718 results. After removal

of duplicates (n = 1,672), the final number of articles was

5,046. One additional study was identified soon after pub-

lication by speaking to a clinician involved in its design.

After screening the titles and abstracts of the 5,047

articles, we excluded 4,878 for reasons outlined in the

PRISMA Flowchart (Figure 1).3 We excluded 118 further

articles at full-text assessment, for the reasons also out-

lined in Figure 1. Fifty-one studies proceeded to full data

extraction and qualitative synthesis.

Imaging Biomarkers of Exacerbations of

COPD
Included Studies

Table 1 presents the findings of the 51 studies included in

the final analysis. In general, most studies discussed ima-

ging biomarkers either as prevalence values of radiological

findings in a population of subjects with an exacerbation

of COPD, or as quantitative measurements of an imaging

feature. A total of 10 of the 51 papers9–18 presented

quantitative measurements of imaging features at exacer-

bation. One paper presented quantitative individual patient

data, but no cohort averages,19 and the remaining 40

papers presented prevalence values for established radi-

ological or other features. Most studies that presented

quantitative values for imaging biomarkers performed con-

secutive imaging for the same subjects (at exacerbation

compared to the same subjects at stable state as controls),

whilst one study13 compared exacerbating subjects with

a group of different stable-state COPD controls.

The identified imaging features are summarised in

Table S1. Ten papers20–29 focused only on the prevalence

of pulmonary embolism (PE) in patients hospitalized for

suspected exacerbation of COPD. Most of these did not

include details of any other imaging features and so are

useful only in estimating the frequency of PE at exacerbation.

Eleven serial imaging studies10–12,14–19,30,31 performed ima-

ging at multiple time-points – usually at exacerbation and

subsequent follow-up (assumed to represent recovery). The

follow-up period for the second imaging time-point ranged

from several days17 to 16 months after the initial exacerba-

tion imaging.16 In all the studies, the end of exacerbation was

clinically confirmed.

There were two studies which performed imaging both

before and after exacerbation: Wells et al15 investigated

changes in the pulmonary artery and aorta on CT, whilst

Kirby et al16 studied ventilation and diffusion within the lung

using hyperpolarized heliumMRI, but only in a single subject.

A total of 36 imaging features present during an exacer-

bation were reported by the included studies (Table S1).

Conclusions, summarized in Figure 2, were primarily

drawn from the 10 studies10–15,17–19,30 where a control

group at stable state was present and the study scored three

or more points on the Quality Assessment scale.

Chest CT

We identified 19 studies that reported chest computed

tomography (CT) scanning during an exacerbation
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(Table 1). These studies provide the most detailed infor-

mation on imaging biomarkers of exacerbations.

Prominent features of exacerbations include changes

in bronchial wall geometry: Cheng et al10 found

increased wall area percent (WA%) for the third gen-

eration airways and increased mean wall attenuation

for the 3rd, 4th and 5th generation airways at exacer-

bation compared to follow-up. The increase in wall

area as a percentage of the whole airway area may be

an indicator of mucus or inflammatory infiltration

within the lumen, while the increase in mean wall

attenuation may represent inflammatory infiltration

within the airway wall. Care must be taken with the

latter parameter, however, since partial volume effect

artefacts may lead to inaccurate measurements of

attenuation of an airway wall with changing thickness.

Bronchial wall geometry changes were also observed

by Hackx et al,30 who noted bronchial wall thickening

during an exacerbation, which decreased on follow-up.

Van Geffen et al14 reported an increased imaging “air-

way resistance” both at total lung capacity (TLC) and

functional residual capacity (FRC), derived by seg-

menting the airways and performing fluid dynamic

modelling. This increased resistance could be

explained by bronchoconstriction, airway wall changes

and/or airway mucus plugging. Van Geffen et al addi-

tionally reported a decrease in total airway volume.

Alotaibi et al9 also reported a high (67.5%) prevalence

of airway thickening on CT, although this latter study

only examined a single time-point scan.

Exacerbation

↑ Inflammation and
mucus in larger
airways↑ Airway

Resistance14

↓Airway
Volume14

Large airway
changes

Small airway
changes

Imaging Biomarker

Pathophysiology

Hyperinflation14↑ Airway
obstruction

↑ Airway wall
thickening9,10,30

↑ Inflammation
of the small

airways

Air trapping

Pulmonary
hypertension

↑ V/Q Mismatch

↑ PA Diameter
↑ PA/A Ratio9,15

↑ Imaging
 V/Q mismatch19

↓ Pulmonary blood
volume and flow rate17

↓ Number of 
visible small vessels13

Right-sided
cardiac impairment

↑ Cardiac
size9,33,35

↓ Right
ventricle

function18

Pulmonary
congestion9,32

Vascular
changes

Cardiac
changes

Figure 2 Summary: The Pathophysiology of a COPD Exacerbation in relation to Imaging Biomarkers. An exacerbation of COPD is associated with an increase in airway wall

area and airway resistance, a decrease in airway calibre, hyperinflation, an increase in the diameter of the main pulmonary artery, a decrease in the number of visible small

pulmonary vessels and cardiac enlargement. These features are suggestive of additional inflammation and mucus in the lumen of the airways, increased obstruction in the

small airways and air trapping, pulmonary hypertension and right-sided cardiac impairment.

Abbreviations: PA, pulmonary artery; PA/A ratio, pulmonary artery to aorta ratio; V/Q mismatch, ventilation perfusion mismatch; ↑, increased; ↓, decreased.
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Imaging features of the pulmonary vascular system

also change at exacerbation. The study by Wells et al,15

which performed CT scans both up to 12 months before,

at, and after exacerbation (the post-exacerbation scan was

performed on a subsample of 33/134 patients), found

statistically significant changes in the diameter of the

main pulmonary artery (PA) and in the pulmonary artery

to aorta (PA/A) ratio. The PA was enlarged during an

exacerbation, leading to an increased PA/A ratio, whilst

the PA diameter both before and after an exacerbation was

reduced compared to at exacerbation. This distension of

the pulmonary artery may suggest a degree of pulmonary

arterial hypertension. Wang et al13 studied the number of

small pulmonary blood vessels visible during exacerbation

compared to stable COPD. The group segmented out

blood vessels with a diameter 5–10mm, and those with

a diameter <5mm, and defined metrics for the percentage

of the total cross-sectional area of the lung taken up by

each of the two vessel sizes – %CSA<5 and %CSA5–10.

Interestingly, their results showed that %CSA<5 was sig-

nificantly decreased at exacerbation, without a decrease in

%CSA5–10. It should be noted, however, that the study did

not scan patients at different time-points, but rather used

two patient groups – one experiencing exacerbation and

the other being stable COPD. The finding of fewer visible

small blood vessels may represent vasoconstriction – the

decrease in %CSA<5 may arise from smaller blood vessels

in the lung narrowing during an exacerbation and falling

below the resolution of CT. The authors also observed that

reduction in %CSA was associated with increased COPD

severity.

A further feature which changed between exacerba-

tion and baseline was an increase in hyperinflation at

FRC during exacerbation, quantified by van Geffen et -

al.14 A further study by the same group (on a subset of

the same cohort), performed by Hajian et al19 also

reported a significant improvement in the ventilation-

perfusion ratio (V/Q) from exacerbation to baseline.

The study quantified “imaging V/Q” by using lobar

volume changes at TLC and FRC as a surrogate for

ventilation and blood vessel density as a surrogate for

perfusion. The V/Q improvement on recovery was

mainly governed by improvement in the ventilation com-

ponent, suggesting decreasing hyperinflation. There was

no evidence of changes in emphysema extent (measured

as LAA%), measured in two studies by Cheng et al.10,11

Lung hyperinflation is an imaging biomarker directly

related to increased air trapping, which can be

a consequence of increased dysfunction of the small

airways or emphysema. The absence of significant

changes in the extent of emphysema, though, suggests

that an exacerbation does not directly lead to alveolar

destruction.

Taken together, the CT studies indicate that exacerba-

tions of COPD are events which likely manifest primarily

in the airways and vasculature, with secondary changes

such as hyperinflation in the parenchyma. Both smaller

and larger vessels and airways are likely to be involved.

Chest X-Ray

Fourteen articles employed chest X-ray (Table 1). The

imaging features visible on a chest radiograph during an

exacerbation were all reported as prevalence values for

radiographic features. Of the five highest-ranking

studies:9,32-35 Alotaibi et al reported an increased cardiac

size in 16.2%, Niksarlioglu et al in 19% and Shafuddin

et al – in 25% of their populations respectively (however it

is unlikely that this was an acute finding). Pleural effusion

was reported in 11.6% of the population of Alotaibi et al

and in 27% by Niksarlioglu et al Further prevalence find-

ings in these two studies included pulmonary oedema in

15.5%,9 bronchiectasis in 31.7% and emphysema in

60.3%33 of patients – the latter two again are not likely

to be acute. Johnson et al reported consolidation in 15% of

patients and radiological features of congestive heart fail-

ure in 8%. Williams et al found new pneumonic infiltrates

in 42.6% of their population and Niksarlioglu et al –

in 54%.

MRI

We found two studies of chest MRI at exacerbation of

COPD. Kirby et al16 performed hyperpolarized3 Helium

imaging at four time-points to quantify ventilation defects

at exacerbation, but their work can best be considered

a pilot study since it only involved one subject.

Sergiacomi et al17 used MRI to evaluate pulmonary perfu-

sion and used an additional time-point early during recov-

ery from exacerbation (before discharge from hospital) to

compare imaging features. They found a reduction in

pulmonary blood volume and pulmonary blood flow dur-

ing an exacerbation, which is consistent with the CT

studies described above. However, it should be noted that

only six of 15 patients in the study exhibited changes.

Ultrasound

Ultrasound and Doppler imaging of the chest were per-

formed in several studies which enrolled exacerbating
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patients. Most of these, however, scored low on our qual-

ity score and did not perform follow-up imaging, focusing

on using imaging features such as the “comet-tail artefact”

to differentiate between pulmonary oedema and exacerba-

tion of COPD in patients presenting to the emergency

room with deterioration in symptoms. The highest-rated

ultrasound research was the work by Akcay et al18 which

followed patients one month after the exacerbation and

found that during an exacerbation patients experienced

impaired right ventricular systolic and diastolic function,

as well as impaired left ventricular diastolic function. The

study specifically excluded patients known to have pul-

monary hypertension. Cardiac impairment improved at

follow-up, which suggests that an exacerbation might

indeed be associated with a transient increase in pulmon-

ary hypertension. Antenora and Marchioni reported on the

prevalence of diaphragm dysfunction at exacerbation, and

associations with hyperinflation.36,37

Other Imaging

Several papers featuring nuclear medicine techniques such

as Lung Ventilation Scintigraphy, and more exotic techni-

ques such as Vibration Response Imaging (VRI) were

included in the final synthesis. In general, they scored

low on our quality score, did not perform longitudinal

imaging and did not provide useful imaging biomarkers

of exacerbation.

Discussion
We performed the first systematic review of imaging bio-

markers at exacerbation of COPD. Such biomarkers might

be useful in the objective diagnosis of exacerbation in the

clinic and clinical trials, provide a mechanism for

monitoring exacerbation treatment and recovery, and

inform on the pathophysiological mechanisms of

exacerbation.

Our results were strikingly consistent across studies,

even though studies were heterogeneous in design. Most

information was provided by CT, which consistently

describes increases in wall area measures at the time of

exacerbation, air trapping, changes in the pulmonary vas-

culature in keeping with vasoconstriction and suggestive

of pulmonary hypertension, and the absence of changes in

measures of emphysema. These changes are supported by

an MR study demonstrating reduced pulmonary blood

volume and flow,17 and echocardiography studies suggest-

ing right heart dysfunction.18

Other CT studies, and those using chest X-ray, reported

the prevalence of specific radiological features in patients

with suspected exacerbations. These often demonstrated

additional or alternative co-morbidities responsible for

the deterioration in symptoms, which would thus meet

the definition of exacerbation, but in which imaging chan-

ged the primary diagnosis away from COPD exacerbation.

Some of these studies described multiple imaging

features9,30 while others focused on identifying patients

with a single possible alternative diagnosis such as PE.

In both cases, the studies met our inclusion criteria for

imaging during an exacerbation and consecutive enrolment

of patients. Two large audits38,39 have demonstrated that

the prevalence of consolidation on chest X-ray in COPD

patients presenting with symptoms suggestive of exacer-

bation is 15–20% (and that this is associated with poorer

outcomes). However, these scored low on our quality

assessment as there was little available detail on patients

or exacerbations. This emphasises the importance of

Additional
airway
inflammation

Increased
mucus
production and
airway
obstruction

Increased air
trapping
(hyperinflation)

Regional
hypoxia driving
vasoconstriction

Transient
increase in
pulmonary
hypertension 

Increase in
pulmonary
artery diameter

Increased right-
sided cardiac
load

Figure 3 Hypothesis of the Pathophysiological Cascade Characteristic to an Exacerbation of COPD. Imaging features present during an exacerbation of COPD and their

underlying pathophysiological processes motivate a hypothesis about the sequence of events in the lung which characterize an exacerbation. An exacerbation of COPD may

be a cascade of events triggered by the onset of additional inflammation in the lumen of the airways, which leads to airway wall inflammation, bronchoconstriction and the

production of excess mucus. This airway obstruction results in hyperinflation and the characteristic symptom of increased dyspnoea, and reactive vasoconstriction in small

pulmonary vessels. In turn, this vasoconstriction leads to a transient increase in pulmonary arterial pressure, causing an enlargement of the pulmonary artery and right-sided

cardiac dysfunction.
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developing imaging biomarkers of exacerbation: an ima-

ging biomarker would enable a positive diagnosis of an

exacerbation in clinical practice and research, rather than

relying on the “clinical diagnosis of exclusion” model that

is currently employed. CT would seem the best tool to

achieve this. There were no positive diagnostic features on

chest X-ray, whilst other bedside tests such as ultrasound

have utility in the rapid exclusion of pulmonary oedema

(“comet tail” artefacts), pneumothorax, pleural effusion

and consolidation.

There are strengths to our review. Our comprehensive

search strategy found 5,047 articles, of which 51 satisfied

our inclusion criteria. While there is a significant body of

literature on imaging features which correlate with, or some-

times predict exacerbations (for example the extent of

emphysema40 and PA/A ratio41), few studies have scanned

patients during an exacerbation and compared this with the

baseline state in the same patients. A potential limitation of the

literature is that most (but not all) studies were performed in

hospitalised patients and therefore the events studied typically

represent severe presentations (a combination of COPD sever-

ity and severity of the exacerbation insult). Patients with mild

and moderate community-treated exacerbations are rarely

imaged during an exacerbation and there is a real need for

further research in this area. Another potential limitation is that

patients at exacerbation may find it difficult to enforce the

protocols needed for good scan quality (eg, breath-hold).

However, none of the studies reported significant artefacts in

imaging. Furthermore, modern CT scanners acquire images in

seconds with impressive quality, such that imaging during an

exacerbation becomes increasingly feasible.

The included papers reported changes in different ana-

tomical structures within the thorax and considered

a variety of imaging biomarkers. While each of the articles

focused on a particular aspect of exacerbation, system-

atically synthesizing the information has enabled us to

generate a picture of the main features visible on medical

imaging which characterize an exacerbation of COPD.

These, together with their underlying pathophysiological

processes, are summarised in Figure 2. One interpretation

of the observed imaging characteristics of exacerbation,

presented in Figure 3 is that an exacerbation of COPD

represents a cascade of events triggered by the onset of

additional inflammation in the airways, which leads to

airway wall inflammation, bronchoconstriction and the

production of excess mucus. This airway obstruction

results in hyperinflation, and reactive vasoconstriction in

small pulmonary vessels. In turn, the vasoconstriction

leads to a transient increase in pulmonary arterial pressure,

causing enlargement of the pulmonary artery and right-

sided cardiac effects. There may be alternative explana-

tions of the interrelatedness of the pathophysiological

processes we have described.

For development as a tool in clinical trials, quantitative

imaging measures are preferable to qualitative features.

We did find quantitative measures of imaging features

during exacerbation. Quantitative assessment of emphy-

sema is already used in clinical practice to guide volume

reduction interventions (but did not change at exacerba-

tion). There are no existing quantitative imaging biomar-

kers of exacerbation or exacerbation recovery, and based

on our work, plausible candidates might include assess-

ment of airway wall area and volume, blood vessel calibre

and volume, and gas trapping.

For use in the routine diagnosis and management of

exacerbations, imaging biomarkers present an opportunity

to achieve a quantitative, positive diagnosis of exacerba-

tion, which could lead to reduction in misdiagnosis and an

improved understanding of the pathophysiology of exacer-

bations. Quantitative exacerbation imaging metrics may

also provide a tool to study exacerbation phenotypes

which could further motivate development of novel treat-

ments and permit a personalised medicine approach to

exacerbation management.

A surprising finding was the absence of studies examin-

ing functional imaging such as positron-emission tomogra-

phy. Specific cell-labelling techniques have demonstrated

increased neutrophil retention within the lung at

exacerbation,42 and slower rates of neutrophil wash-out com-

pared to stable COPD and control subjects without COPD.

In conclusion, we have performed the first systematic

review of imaging biomarkers at exacerbation of COPD.

We find that an exacerbation is characterised by airway

calibre and wall changes, hyperinflation, pulmonary vaso-

constriction and pulmonary arterial hypertension.

Exacerbation imaging biomarkers lay an important foun-

dation for the objective diagnosis of exacerbation in the

clinic and clinical trials, as well as for monitoring of

exacerbation treatment and recovery.
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