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Preface

Chronic obstructive pulmonary disease (COPD) is a disorder characterized by airflow limitation
and is one of the major causes of mortality and morbidity across the globe. Although several
guidelines have been published over the past three decades, they were generated in response to the
fact that COPD is a major cause of mortality and morbidity and remains an important social problem.
In the 20th century, forced expiratory volume in one second (FEV;) was the single most important
measure in patients with COPD from discriminative, evaluative, and predictive standpoints. We
found that dyspnea is a better mortality predictor than FEV; in 2002 and exercise capacity in
2003. Subsequently, it has become apparent that physical activity is more predictive of mortality.
Furthermore, we have recently developed the tendency to use the reduction of the future risk of
exacerbation as the endpoint of relatively large-scale clinical trials rather than the improvement of
FEV;. Many researchers have continued to seek better outcome markers and have also discussed
what should be used as primary or secondary endpoints in clinical trials in subjects with COPD. We
have undoubtedly made great progress but still have a lot of work to do for the best interests of

patients.

Koichi Nishimura
Editor
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It has been my great pleasure to publish 17 papers in the Special Issue “Diagnosis,
Treatment, and Management of COPD and Asthma”. I would like to sincerely thank all the
contributing authors for submitting their manuscripts. I am proud to have served as Guest
Editor for this Special Issue.

On 15 July 2020, I was suddenly offered the job of Guest Editor. I have had more than
30 years of experience in the practice of COPD and asthma since the early 1990s, but since
I work in a corner of Asia, I was unsure if I would be able to serve as the Guest Editor of
a publication from across the globe. Japan tends to treat respiratory medicine as a unique
discipline with a reclusive tendency, and all my life I have been plagued by the closed
nature of the field in Japan [1]. My opinion that globalization should be promoted has
often been ignored. I have begun this work in the hope that accepting the position of Guest
Editor will lead to further exploration of this path.

In Japan, the concept of ACO (Asthma-COPD Overlap) is widespread. For example,
when discussing the treatment of stable COPD, it is assumed that inhaled corticosteroids
(ICS) should be administered to treat ACO and not for COPD. In other words, in Western
countries COPD and asthma are often discussed as two diseases and as one disease group,
while in Japan there is a tendency to classify this disease group as three separate diseases:
COPD, ACO and asthma. This is one reason why a pro—con discussion on ACO was
organized here. Historically, there have been only two pro—con debates regarding whether
ICS should be given in COPD, published in the American Journal of Respiratory and Critical
Care Medicine in 2000 [2,3] and the European Respiratory Journal in 2009 [4,5]. Although not
identical, the third debate was published based on more than a decade of knowledge on
similar issues. We believe that it is possible to produce a paper of great interest to readers. I
express my deepest gratitude to the two groups of authors, Peter Calverley and Paul Walker
from Liverpool, UK [6] and Naoya Fujino and Hisatoshi Sugiura from Sendai, Japan [7],
who gave us the opportunity to publish pro—con reviews in this Special Issue.

Between August 2020 and September 2021, a total of 17 papers were published,
comprising 10 original articles and 7 reviews: 12 addressing COPD only, 1 addressing
asthma alone, and 4 that addressed both diseases. It has been a pleasure to help facilitate
this issue, and I hope that readers will find the articles interesting and informative. I am
delighted to have had the opportunity to devote some of my time to writing and to have
submitted two original papers [8,9]. As a Guest Editor, I issued a multifaceted call for
manuscripts to attract submissions. Some manuscripts were also submitted in response to
the call but were not accepted after undergoing peer review, and thus were not published.
We thank all those who contributed to this Special Issue. I am very grateful to the Managing
Editor, Mr. Dennis Zhu, for giving me the opportunity to serve as a Guest Editor and for
his continued support and assistance.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Over the last decade interest has been shown in people with symptomatic lung disease
who have features both of COPD and asthma. In this review we examine how COPD and asthma
are defined and examine clinical characteristics of people defined by researchers as having asthma-
COPD overlap (ACO). We look at pathological and physiological features along with symptoms and
consider the impact of each diagnosis upon therapeutic management. We highlight challenges in
the diagnosis and management of airway disease and the various phenotypes that could be part of
ACO, in so doing suggesting ways for the clinician to manage patients with features of both asthma
and COPD.

Keywords: COPD; asthma; asthma-COPD overlap; respiratory pathophysiology; bronchodilator re-
versibility

1. Introduction

Chronic obstructive pulmonary disease (COPD) is now recognised to be a major cause
of ill health, increased health care expenditure and premature mortality internationally [1].
The current definition of COPD advocated by the Global initiative for Obstructive Lung
Disease (GOLD) highlights the importance of persistent airflow obstruction as a defining
characteristic of this condition [2]. Clinically this presents a simple decision. Airflow
obstruction is either present or it is not when the patient performs a technically satisfactory
spirogram. However, the underlying biology of this apparently simple proposition is
more complex.

Longitudinal studies measuring lung function prospectively and cross sectionally
over time [3-5] have shown that both the FEV; and FVC decrease with age and this is ac-
celerated when people smoke tobacco or are exposed to other noxious inhaled insults [4-6].
Moreover, it is now clear that early life events impact significantly on lung growth and
subsequent decline, resulting in a range of trajectories which the patient may follow up to
the point where a diagnosis of COPD is confirmed by spirometry [7]. Traditionally, airflow
obstruction is defined by the ratio of the FEV; to FVC with a value of 0.7 or less signifying
that obstructed airflow is present. This simple measurement identifies the presence of
emphysema on CT scanning [8] and people at risk of accelerated lung function loss, at least
in the earlier stages of COPD [9]. However, this ratio decreases with age and apparently
healthy elderly people can be classified as having COPD based on this measurement [10].
This has led physiologists to propose that the lower limit of normal should be used to
identify people where the ratio is below that expected by age [11]. This classifies people
rather differently with more young people and fewer elderly ones being considered to have
airflow obstruction. In practice, this changes relatively little at least in terms of the results
of clinical trials [12] and there are now data suggesting that the fixed ratio of FEV; /FVC of
0.7 is the best predictor of subsequent ill health [13].

Diagnostics 2021, 11, 1189. https://doi.org/10.3390/diagnostics11071189
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If it has proven difficult to define airflow obstruction, it has been even harder to decide
what the term “persistent’ means. This term could imply that obstruction did not resolve
when measured over time, but whether this could include significant improvements
in lung function that were still below the normal predicted value, as is seen in some
patients with chronic asthma, was not clear. These differences in interpretation were
soon recognised as having therapeutic significance. In the 1990s an important paper from
the Netherlands suggested that inhaled corticosteroids (ICS) could produce significant
improvements in symptoms and lung function in COPD patients [14]. Subsequently
these data were challenged, especially by physicians in the UK, who argued that the
improvements seen were due to the inclusion of patients who would normally be diagnosed
as having bronchial asthma. This led to an intense debate about how to best define
bronchodilator reversibility in order to separate COPD from asthma. In Europe, a very
tight definition of irreversible disease was proposed which precluded almost any lung
function change after exposure to an inhaled bronchodilator [15]. This created a ‘Catch 22’
situation where any patient where lung function improved with treatment could not have
COPD because treatment had improved their lung function! Such a tight definition is not
used today but illustrates evolution over time.

As aresult, rather than consider in more detail what bronchodilator reversibility might
signify in a patient with structural lung damage due to cigarette (or any other relevant)
exposure, the tendency has been to assign patients to mutually exclusive silos—either
COPD or asthma. Clinicians have always realised that this is an oversimplification and
that some typical COPD patients would show larger than expected benefit from treatment
of various types. What has been less clear is whether this behaviour represents a variation
within an established diagnosis or is a discrete condition which consistently behaves
differently from ‘true” asthma or COPD.

Over the last decade there has been renewed interest in the idea of an asthma—-COPD
overlap (ACO) state in part driven by the desire of the pharmaceutical industry to identify
a subset of COPD patients who might respond better to the existing anti-inflammatory
treatments and to explain why some asthmatic patients did not improve to the degree
anticipated when given them. The most cogent rational academic exploration of this idea
came from Gibson et al. in 2009 [16]. Subsequently there have been many publications
reporting data in patients believed to be exhibiting ACO and suggestions have been made
about how best to operationalise this concept [17-19]. In this review we will consider what
has been proposed and outline our reasons for believing that ACO is not a helpful way to
understand the variation seen in the way that disease develops in patients with asthma
or COPD.

2. Defining ACO

A key issue limiting the usefulness of the ACO concept is the lack of a consistent
definition. This not only hinders academic study but also confuses the clinician. This
problem is not restricted to ACO but has bedeviled the field of ‘airways disease’ for the last
60 years. Indeed, the portmanteau term ‘airways disease’ to describe asthma, COPD and
related conditions is itself unsatisfactory as it fails to account for airflow obstruction due to
emphysema. Clearly if we have issues defining asthma and COPD, it is going to be hard to
identify overlaps between them.

As has been noted before, defining both asthma and COPD is like love—everyone
knows what it is when it happens, but it is hard to explain to other people. By the 1980s
advances in pulmonary pathology and physiology meant that definitions based only on
symptoms such as chronic bronchitis were superseded by approaches using structural
and/or lung function criteria. The CIBA symposium in 1959, perhaps the most famous of
the meetings which attempted to re-define these conditions, proposed definitions based on
variability in lung function for asthma, the presence of enlarged airspaces due to tissue loss
for emphysema and symptoms of chronic cough [20]. Helpful as these definitions were
in providing a focus for further study, they contained a fundamental weakness, namely
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that each relied on a different domain—physiology, pathology or symptomatology—to
characterise the disease, building in the study of overlap states from the outset.

In the 1970s and 1980s, attention was paid to whether chronic bronchitis or physiology,
in the form of the FEV1, identified discrete natural histories of disease and whether this
differed from that seen with patients diagnosed in life with emphysema. The famous longi-
tudinal study of British postal workers led by Charles Fletcher provided the unexpected
answer that it was lung function that identified individuals whose lung disease progressed
with smoking, rather than the symptoms of bronchitis [21]. Thereafter symptoms were
seen to be secondary to lung pathology identified by abnormal lung function rather than
identifying a discrete condition. While this is likely to be true, the importance of symptoms
like mucous hypersecretion as a marker for respiratory infection and exacerbation [22] and
lung disease in the earliest phases of COPD [23] has been neglected until relatively recently.

The overlap between emphysema and bronchitis (clinically defined) seemed to have
an international dimension with workers in the USA reporting most of their patients with
chronic airflow obstruction as having emphysema (based on CXR appearances) while in
Britain similar patients were defined as being bronchitic [24]. Eventually these semantic
problems were resolved, but there was still a belief that patients with emphysema without
bronchitis maintained normal arterial blood gas tensions while those reporting bronchitis
were more likely be hypoxaemic [25]. Again, subsequent pathology studies showed that
emphysema could be associated with hypoxaemia [26]. With hindsight it is likely that some
of the ‘blue and bloated” patients had undetected bronchiectasis and/or left ventricular
dysfunction, but this illustrates the way in which ideas about airflow obstructive disorders
has been refracted through the tools available for their study rather than any intellectual
limitation of those leading the investigations.

The contrast between asthma and bronchitis was not immune from the debate be-
tween ‘lumpers and splitters’. Unlike the British who felt that chronic bronchitis was a
discrete disorder of prognostic significance, the Dutch group in Groningen led by Dick
Orie advocated the concept of chronic non-specific lung disease which recognised the
heterogeneous nature of conditions others would describe as bronchitis, emphysema or
asthma, and grouped them together [27]. In this approach we have the origin of the concept
we now consider as ACO and, as noted already, it received considerable push back when
the results of their clinical trial of inhaled corticosteroids was first published [14]. However,
the conceptual framework developed in the Netherlands was taken up by Gordon Snider
in Boston and led to his visual representation of COPD in a non-proportional Venn diagram
which was adopted by the American Thoracic Society in its original Standards of Care
for COPD document [28]. Thus, a potential for ACO was recognized, but its nature was
not clarified.

Longitudinal studies in the Netherlands and New Zealand in young people who have
the clinical and physiological characteristics of asthma have shown how over time they
can develop fixed airflow obstruction which is often diagnosed as being COPD [29,30].
Whether these people have the same pattern of structural damage seen in typical smoking
induced COPD is unclear as is their response to therapy. By contrast, much less information
is available about whether people with typical COPD go on to develop disease features
more typical of chronic asthma.

Although interest in this topic subsequently declined, the 2009 article by Gibson et al.
reignited old uncertainties about whether a discrete phenotype of patients with features
of both asthma and COPD existed [16]. These authors approached this from an asthmatic
perspective and placed significant emphasis on the role of the bronchodilator response in
identifying these patients, as well as emphasising the increased sputum neutrophilia seen
in their ACO subjects compared with asthmatics and healthy older adults. Coming at a
time of concerns about the risk of pneumonia developing in COPD patients treated with
ICS, this approach offered a way of identifying a subgroup for which the benefit of ICS
treatment was easier to justify.
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In response to these concerns, the Global Initiative in Asthma (GINA) and Global
Initiative in Obstructive Lung Disease (GOLD) produced a joint consensus document
highlighting practical approaches to the management of ACO [31]. Subsequently the report
of workshops convened by the ATS and ERS were published [19,32]. The GOLD/GINA
approach was not to offer a specific set of criteria on which a diagnosis of ACO was based
but to suggest that ACO could be considered when features usually considered typical
of asthma or COPD were present in the same patient [31]. This group offered a series of
choices to the clinician about clinical and laboratory features they felt were important,
and more detail can be found on the respective websites. There was no attempt to weight
the features for their relative importance, a task sensibly left to the individual clinician to
decide, from what is basically advice on what to consider in managing patients presenting
with atypical clinical findings. However, this level of individual decision makes it hard
to draw conclusions about the nature and management of this condition and assumes
that treatment approaches valid for the individual diseases are as effective in someone
exhibiting these ‘overlap’ findings.

By contrast, the ATS workshop considered a wider range of issues and raised a series
of research questions which needed to be addressed before the nature of ACO could be
considered finalised [32]. The European consensus group reviewed the entry criteria
used in a range of clinical trials of asthma and COPD and developed a series of major
and minor diagnostic criteria summarised in Table 1. This group provided the clearest
operational definition of ACO but, to date, this has not been widely accepted, with other
groups adapting it to local perceptions of what the key features of ACO might be. The
resulting plethora of reported definitions is summarised in the helpful review of Cazzola
and Rogliani [33]. It is no surprise in this setting that the type of patients included in what
are mainly observational studies appear to be rather different in their nature, illustrated by
Barczyk et al. [34].

Table 1. A Consensus Definition of ACO proposed from an ERS Sponsored Round-table Discussion
[19]. Diagnosis requires the presence of all 3 major criteria plus 1 minor criteria. LLN = lower limit of
normal, BDR = bronchodilator reversibility.

Major Criteria Minor Criteria

e  Dersistent airflow limitation
(post-bronchodilator FEV1/FVC <0.700or ¢  Documented history of atopy or allergic

LLN) in individuals 40 years of age or rhinitis

older; LLN is preferred e  BDR of FEV1 >200 mL and 12% from
b At least 10 pack-years of tobacco smoking baseline values on 2 or more visits

or equivalent indoor or outdoor air e  Peripheral blood eosinophil count of

pollution exposure (e.g., biomass) >300 cells/pL

e  Documented history of asthma before 40
years of age or BDR of >400 mL in FEV1

These problems in definition raise several concerns about the utility of the term ACO
as an aid to both academic and clinical understanding of people with objectively defined
airflow obstruction. In the following sections we will examine what evidence we have for
a discrete overlap of pulmonary pathology between asthma and COPD, whether patients
meeting the definition of ACO behave differently from others not diagnosed in this way and
whether objective physiological tests which are often the main driver of an ACO diagnosis
can be relied on to distinguish these patients from others with chronic airflow obstruction.

3. A Pathology of ACO?

There is a dearth of evidence for a discrete pathology occurring in ACO patients. This
reflects the lack of a clear definition discussed above and the fragmented nature of the data
about structural and immunological features of those who do meet whatever definition is
considered appropriate. The issue is not just whether the pathologies typical of asthma
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or COPD co-exist in the same person, but in how many people such features are present
without them exhibiting the defining conditions of the overlap state.

In most cases it is accepted that a prior clinical diagnosis of asthma indicates the
continuing presence of that condition. However, this is not necessarily the case. Often
the diagnosis is not confirmed by any objective measurement and, in the case of the
overlap between asthma and obesity, an asthma diagnosis is often made in patients without
any evidence of enhanced airway responsiveness or spontaneous fluctuation in lung
function [35]. The clearest evidence for a common set of pathological characteristics in
asthmatics has come from biopsy studies largely conducted in milder disease and autopsy
data in the relatively few people who die from the disease. In most cases there are features
of Th-2 inflammatory changes, increased numbers of eosinophils in the tissue and airway
lumen and, as the disease worsens more neutrophils accumulate. A striking finding is
the increase in bulk of the airway smooth muscle which helps explain several of the
physiological features of the disease [36-38].

For many years there was a consensus based on chest X-ray studies that emphysema
only rarely occurs in asthmatic patients but was a frequent finding in those presenting
with COPD. It is now clear that in most COPD patients the loss of the small airways
precedes the development of emphysema which becomes a more prominent feature as
lung function loss worsens [39,40]. The advent of quantitative CT scanning has allowed the
relationship between structure and function to be explored in life. One of the best studies
is that of Hartley et al. who studied 171 asthmatics, 81 COPD patients and 49 healthy
subjects [41]. Patients met standardised diagnostic criteria and were not classified as being
ACO or non-ACO in nature. These workers found that airway wall thickness increased
as FEV; decreased in asthmatics, but the degree of air trapping, a measure of pulmonary
hyperinflation, was the main driver of a low FEV; in COPD patients. The degree of
emphysema contributed to the decreased FEV; in COPD patients but was infrequent in
patients with asthma. Thus, different pathological changes contribute to the impaired
physiology, but airways disease plays a role either directly or indirectly in both asthma
and COPD.

These pathological issues have been more directly addressed by a Japanese group
who report 3D CT imaging in COPD patients with and without a diagnosis of ACO based
on the presence of a bronchodilator response and matched for their smoking history [42].
In this study an FEV change of more than 12% baseline and 200mL after an unspecified
bronchodilator or 4 weeks of anti-inflammatory treatment together with variable symptoms
were used to define ACO. Patients exhibiting a positive response had thicker proximal
airways and less evidence of emphysema than those who did not. However, the mean
FEVj in this study was relatively high at 70% predicted, so extrapolation to more severe
COPD should be done with caution.

Direct study of the nature of airway inflammation in ACO subjects should help resolve
matters. One of the few studies to report data on this topic came from a group in Basel
who systematically collected biopsies from 129 COPD patients without features of asthma,
19 smoking asthmatics and 18 COPD patients with ACO, all of whom were undergoing
diagnostic bronchoscopy and biopsy procedures. They defined ACO using a modified ERS
consensus definition [43], but unlike other studies the ACO group did not show greater
reversibility to salbutamol that the non-ACO COPD patients. The ACO patients had higher
exhaled breath nitric oxide concentrations, more blood eosinophils and significantly better
lung function than the COPD control group. These differences in disease severity make it
difficult to interpret the greater degree of basement membrane thickening seen in the ACO
patients compared with the smoking asthmatics. As the authors comment, their data is
preliminary and other focused studies will be needed to address the question of what kind
of pathological changes occur in what patients.

An alternative approach to establishing overlap would be to look for differences in
biomarkers of tissue inflammation between ACO and non-ACO COPD patients. This
would be a very helpful strategy if the biomarkers concerned were both specific and
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sensitive in distinguishing asthma from COPD. Many inflammatory biomarkers have been
linked to asthma with fractional exhaled breath nitric oxide (FeNO), being widely used as
a marker of Th-2 inflammation. Unfortunately, the inflammatory process and its attendant
biomarkers change as the clinical presentation of asthma evolves, with a more neutrophilic,
less eosinophilic profile being seen in severe asthma, especially among patients who are
relatively resistant to systemic corticosteroid treatment [44]. Blood eosinophilia is seen as a
marker of airway eosinophilia, although studies where these variables have been directly
compared suggest that this relationship is relatively weak [45] and there is little agreement
about what constitutes eosinophilia and how best to express the data. Unsurprisingly, a
raised peripheral blood eosinophil count is not required in the diagnosis of asthma [46].
Nonetheless, the peripheral blood eosinophil count does predict the response to biological
treatments in severe asthma [47] and in general population samples of COPD sufferers,
those with an eosinophil count as high as 350-600 cells /uL have an increased risk of
hospitalisation [48].

Attempts to use these variables to separate ACO from COPD patients who do not
meet the clinical criteria for this condition have generated conflicting results. Li et al.
found that in 48 patients (42% with a history of smoking and 50% taking ICS) that an
FeNO >31.5 ppb identified patients with ACO who smoked with a sensitivity of 70% and
a specificity of 90% [49]. However, both the reproducibility of these threshold values
and their predictive power need to be replicated in other cohorts. Nonetheless, there is
a growing sense that patients who have a history of asthma before the age of 40 behave
differently to those whose smoking related COPD develops later in life. Data from Spain
suggests that the airway responsiveness is greater, peripheral blood eosinophil count
is higher and serum IgE levels are higher in COPD patients with a prior diagnosis of
asthma [50]. Further work on well characterised cohorts preferably with appropriate CT
imaging should help clarify these relationships. However, the largest comparative cohort
study to date, NOVELTY, found no difference in blood eosinophil counts between the
asthma, COPD and asthma-COPD overlap groups that they recruited [51], suggesting that
blood eosinophils are not useful discriminants in routine clinical practice in identifying
what physicians felt constituted ACO.

In many ways the most powerful argument for the existence of an overlap state
between asthma and COPD comes from genetics. By combining data from several patho-
logical studies in asthma and COPD, Christenson et al. found that genes associated with a
Th2 phenotype in asthmatics were also expressed in patients with COPD and that blood
eosinophil counts and airway responsiveness were increased when this was the case [51].
They argue that these genes might be involved in the earlier stages of the development of
COPD. However, it is important to recognise that the pathological changes associated with
COPD differed from those seen with asthma, with the exception of the eosinophil numbers.
Clearly these findings also merit replication in patients meeting any of the current ACO
definitions.

4. The Clinical Significance of ACO

It could be argued that it is not important whether or not there is a clear definition
of ACO if clinicians can identify a group of patients who should be managed differently.
This approach runs the risk of committing the Procrustean crime of making the facts fit the
prejudice of the observer—in this case that ACO must exist.

In Table 2 [52-61] we summarise some of the many studies which have looked at
the clinical characteristics of ACO (defined in a variety of ways) in clinical populations
which vary by country and care setting. The reported prevalence of the condition varies as
does the sample size studied, ranging from 1.5% to 27.4% of populations with asthma or
COPD. As noted by Spanish workers, the very strict definition of substantial bronchodilator
reversibility change excludes so many patients that the definition had to be relaxed to
allow them to identify anyone with ACO [54]. This approach feels like a very uncertain
way of defining a disease as the higher threshold had originally been suggested as a way
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of avoiding random variation in a positive BDR (see below). There is an impression that
patients identified as having ACO are somewhat younger, are more symptomatic and
more likely to report exacerbations than COPD patients not identified in this way. This
is supported by several of the review articles which have summarised the findings in
these and/or other data sets [16-18,33,62]. Two further studies are worthy of note. In a
validation of the ERS symptom score, Nelsen et al. found that most of the symptoms in the
battery worked as well for COPD as for ACO, i.e., clinically the patients were very similar.
However, wheeze seemed to differ and was not a reproducible symptom, suggesting that
reliance on this complaint, at least in COPD patients, could be misleading [63]. A different
approach was used by Pascoe who reported a mathematical analysis of a health symptom
questionnaire in a large population of patients with obstructive lung disease. The resulting
model was accurate in distinguishing asthma and COPD but the authors suggest that
patients not falling into these groups are very heterogeneous and hard to classify [64]. This
heterogeneity is emphasised by the results of the NOVELTY study [52]. Here over 11,000
patients entered an observational study based on their doctor diagnosed asthma, COPD
or ACO. There was substantial heterogeneity across the diagnostic groups and physician
determined disease severity classes showing that, in the ‘real world” diagnostic groupings

are not rigidly applied.

Table 2. Selected studies reporting clinical features of people with ACO.

Study Definition of ACO

Main Findings

Reddel et al. [52] Physician diagnosis of asthma, COPD or both

12.4% asthma and COPD (ACO)

More likely to smoke, higher blood neutrophil
count, more breathless and poorer health status
compared with asthma
Earlier diagnosis, more upper airway disease
compared with COPD
Bronchodilator responsiveness and FeNO
similar across groups

Features of both:
COPD—post-bd FEV1/FVC below LLN and
Asthma—self report physician asthma diagnosis, use
of asthma medication last year or wheezing last year

Morgan et al. [53]

Prevalence of ACO 3.8% in LMIC residents
People with ACO had more biomass fuel
exposure, higher smoking and lower
educational attainment
Worse AFO than asthma or COPD groups

Three groups:
Diagnosed with asthma and COPD
(smoking asthmatic)

COPD and bronchial hyperresponsiveness (FEV1
increase >400 mL and 15%) (COPD high
bronchial response)

COPD and eosinophilia (eosinophils >300cells /L)
(COPD eosinophilia)

Toledo-Pons et al. [54]

27.4% fulfilled one or more criteria for ACO
13.8% smoking asthmatic, 12.1% COPD with
eosinophilia and 1.5% COPD with high
bronchodilator response
Smoking asthmatics were younger, more likely
female and more atopic

COPD—post-bronchodilator FEV1/FVC <0.7

Singh A et al. [55] Asthma—>200 mL and >12% improvement in FEV1

Prevalence of ACO 4.6% in firefighters
Eosinophil count >300 cells/ L more common

with bronchodilator in ACO
ACO—Dboth present More likely to have accelerated decline in FEV1
ACQO; either:

history of asthma or hay fever, FEV1/FVC <0.7,
>200 mL and >12% improvement in FEV1 with
bronchodilator and less than 15% emphysema
on CT, or
FEV1/FVC <0.7, >400 mL and >15% improvement in
FEV1 with bronchodilator and less than 15%
emphysema on CT and less than 15% emphysema on
CT regardless of history of asthma or hay fever

Cosentino et al. [56]

Compared to subjects with COPD and
emphysema ACO subjects were younger, more
likely African-American, higher BMI and more

likely to still smoke
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Table 2. Cont.

Study

Definition of ACO

Main Findings

Krishnan et al. [57]

ACO defined as >40 years old, current or former
smoker, FEV1/FVC <0.7 and >200 mL and >12%
improvement in FEV1 with bronchodilator

Prevalence of ACO of 18.2%
More common in people diagnosed with both
asthma and COPD
Younger and higher BMI compared with
COPD cohort
More likely to smoke and less rhinitis than
asthma cohort

Izbicki et al. [58]

COPD was defined as FEV1 <80% predicted and
FEV1/FVC <0.7. ACO was defined as this plus
>200 mL and >12% improvement in FEV1 with

bronchodilator

No differences seen compared with the COPD
cohort except lower pre-bronchodilator lung
function in ACO

Barrecheguren et al.

[59]

ACO defined as COPD patients reporting a previous
diagnosis of asthma
Classified as ACO2 if had 2 major or 1 major & 2
minor criteria:
Major criteria were improvement in FEV1 >400 mL
and >15% with bronchodilator, sputum eosinophilia or
a previous diagnosis of asthma before the age of

Prevalence of ACO of 15.9%
Two thirds did not fulfil ACO2 criteria
ACO subjects were more likely to be female,
had more exacerbations, had better lung

40 years function and higher blood eosinophilia
Minor criteria were increased total serum

immunoglobulin E, previous history of atopy or FEV1

>200 mL and >12% on two or more occasions

Llanos et al. [60]

Asthma characteristic—even given a physician
diagnosis of asthma or had an “asthma attack” in the

COPD characteristic—post-bd FEV1/FVC <0.7 and
ever told they had emphysema or chronic bronchitis

40 years old or greater with at least 1 asthma and 1

COPD characteristic: ACO subjects had poorer lung function than

those with asthma or COPD, higher eosinophil
counts than those with asthma or COPD and
had more “asthma attacks’ than the
asthma group

previous year

by a physician

Baarnes et al. [61]

At least 1 previous hospitalisation for asthma and 1

Subjects with ACO were older, more likely to
smoke, had lower educational attainment and

for COPD took less regular exercise

So far, data have largely focused on the overlap of COPD and asthma, i.e., in patients
who look like they have COPD, how many have some features that are atypical and would
fit better with a diagnosis of asthma. There are plentiful data about what happens when a
young person diagnosed with asthma continues with symptoms into adulthood. Work from
the Netherlands, Aberdeen, Australia and New Zealand have shown in patients followed
for up to 45 years that a significant number of asthmatics go on to develop fixed airflow
obstruction which is re-defined as COPD by the clinicians managing them [29,30,65-67]. In
a recent report of children followed to age 45, a diagnosis of ACO based on the presence of
airflow obstruction and a history of previous asthma irrespective of smoking history was
made in an estimated 3% of the population and, like COPD without an asthma diagnosis,
was especially likely to do so in those with the worst lung function at the age of 7 years [65].
These data provide further support for the early origins of COPD in a significant number
of patients but ACO described here represents a different entity from the COPD with
asthmatic features that has fueled much of the ACO debate [68]. It is now clear that
tobacco smoking decreases the effectiveness of inhaled corticosteroid treatment in both
asthma [69] and COPD [70], further complicating the distinction between COPD with
asthmatic features and asthma with features of COPD in longitudinal studies like that of
Bui et al. [65].
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5. The Physiology of ACO

Thus far, physiological measurements made in ACO patients have been largely con-
fined to spirometry rather than collecting data about lung volumes or gas transfer. Some
studies have reported the results of non-specific bronchial challenge testing with either
inhaled histamine or methacholine as the inhaled agonist [71,72], but most studies restrict
themselves to reporting the results of a single bronchodilator reversibility test (BDR) usu-
ally using inhaled salbutamol as the test drug. The interpretation of this apparently simple
test has proven to be fraught with difficulty, especially in patients with COPD and has been
reviewed in detail on several occasions [73]. As these tests are often crucial in the clinician’s
decision about whether the patient has ACO or COPD, it is important to consider them
in some detail and to highlight why simple assumptions about how to interpret them can
be misleading.

In routine laboratory practice both the measurement of airway hyperresponsiveness
(AHR) and BDR rely on changes in the FEV1, the volume that a subject can expire in
one second during a forced expiration from total lung capacity. Reliable standards exist
for the performance [74] which exploits the development of flow-limitation during the
manoeuvre to reduce between test variation. Nonetheless there is a short term and between
day physiological variation in the FEV;, which means that tests repeated a few minutes
apart can differ by chance by up to 160 mL. Rather surprisingly this between test variability
is not much influenced by the initial FEV of the subject, although it is somewhat lower
when the pre-test FEV; falls below 1.5 L. By contrast the FVC is more effort dependent with
a potential for more between test variation which has meant that it is less often reported
during AHR and BDR tests. This is unfortunate as change in FVC gives more clinically
relevant data about lung volume change in COPD and has been suggested as a better guide
to AHR in asthma [75].

Although considered as being equivalent measurements of airway smooth muscle
responsiveness, AHR and BDR tests are not interchangeable and often say more about
the pathology of the surrounding lung than the medium sized airways where most of the
inhaled stimulant is delivered. In general, AHR testing is used to diagnose asthma with a
series of threshold changes identifying mild to severe degrees of airway irritability. This
approach works well if the initial FEV] is relatively normal, but as the pre-test FEV falls
the same dose of agonist can produce a more dramatic fall in FEV; due to the altered airway
geometry rather than a greater degree of airway smooth muscle contraction. In this context,
absence of AHR is more informative than its presence, as has been seen when trying
to interpret the diagnosis of asthma in obese subjects [34]. Relatively few groups have
looked at AHR in more severe COPD. When we did, we found that this was a surprisingly
frequent occurrence [76] and accompanied by increases in end-expiratory lung volume,
likely reflecting worsening flow limitation with the agonist drug. Although relevant to why
such patients were more symptomatic and are prone to more exacerbations of COPD, we
were confident that the changes we saw were related to predictable physiological changes
in patients with more severe lung damage due to typical smoking-related COPD, as these
patients had no pointer to a diagnosis of asthma, either currently or in their past. Structural
differences may help explain the observation in mild to moderate COPD that those with
the greatest AHR show the fastest decline in FEV over time [77].

The situation around interpreting bronchodilator responsiveness is, if anything, even
more complex. Table 3 summarises some of the main issues that have emerged over several
decades of applying this test in clinical practice. Unlike AHR testing, which examines the
ease with which airway smooth muscle contraction can be induced, BDR testing looks
at the effect of an inhaled drug that promotes airway smooth muscle relaxation (usually
4 puffs of salbutamol) to improve lung function over a short time, commonly 15 min. This
is a satisfying test to conduct in a labile asthmatic patient where the FEV can increase by
500 mL or more and often returns to values within the predicted normal range. This form
of acute reversibility is diagnostic of bronchial asthma when it occurs but is not the kind of
change commonly seen in patients diagnosed as having ACO.
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Table 3. Problems when interpreting bronchodilator responsiveness in people with COPD [73].

Pitfall with Reversibility Testing Reason for the Problem

Additional bronchodilation with the
combination of short-acting beta-agonists and
short-acting anti-muscarinics compared to
one bronchodilator

The bronchodilator drug used

Short-acting anti-muscarinics achieve
maximum bronchodilation longer than 15 min
after administration, the timing typically used

for beta-agonist reversibility

The timing of reversibility testing

Higher doses of salbutamol (>400 mcg) will
The dose of bronchodilator drug result in further small increases in FEV1
compared with lower doses

The magnitude of reversibility, and
The reproducibility of result classification of reversibility (positive or
negative), varies significantly between tests

Individuals with a lower pre-test FEV1 are less

The impact of pre-test FEV1 likely to shown significant reversibility

Reversibility does not predict clinical
The clinical implications of reversibility symptoms, exacerbations and subsequent
decline in lung function

As with AHR testing, the physiological basis of BDR is more complex than is com-
monly appreciated. Airway smooth muscle (ASM) is widely present throughout the
bronchial tree down to the terminal bronchioles. In health there is a normal spontaneous
variation in the degree of airway smooth muscle activation (ASM tone) which can be
reduced or abolished by bronchodilator drugs; hence the enthusiasm of endurance athletes
to acquire a diagnosis of asthma. This spontaneous fluctuation in ASM tone is exaggerated
in bronchial asthma through a combination of airway inflammation and enhanced ASM
bulk [78] but is preserved in COPD. However, in these patients the baseline airway calibre
is reduced and structural changes can increase the degree to which normal physiological
changes in ASM translate into changes in airflow resistance which is being indirectly as-
sessed by the FEV;. These effects are not as dramatic as is the case in bronchial asthma but
are more than enough to account for the variable bronchodilator responses that charac-
terise many COPD patients. None of this requires there to be any ‘co-existing’ asthmatic
pathology in the lungs of the COPD patient.

These theoretical considerations aside, there are many obstacles to the easy interpreta-
tion of a bronchodilator reversibility test. The protocol adopted will influence the result.
In patients with moderate—-very severe airflow obstruction the number of positive tests
rises with the number of bronchodilators given to the patient [79], a fact clinically exploited
in the use of long-acting inhaled dual bronchodilators [80]. There has been an extensive
discussion about how to define a positive result. The simple approach of looking for a large
percentage change from baseline works well if the pre-test FEV is relatively preserved,
but a 160 mL increase in FEV1 which is within the spontaneous variability of two FEV;
measurements could be interpreted as 16% reversibility in a patient with a baseline FEV;
of 1 L. This led to the current recommended volume change which must be at least 12%
of the baseline value and exceed 200 mL [81]. This was derived from basic principles and
experience in population studies rather than empirical data from studies of COPD patients
which helps explain its problems in clinical practice. Using a very large absolute difference
of 400 mL between measurements to define a positive test greatly decreases the number
of positive responses, but did not abolish the between visit fluctuation in classification in
those who tested positive initially as shown in Figure 1 from the ECLIPSE study [82].
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Figure 1. The reproducibility of the classification of bronchodilator reversibility in 1831 people with COPD who participated
in the ECLIPSE cohort study. In (A) reversibility is defined by >12% and >200 mL increase from pre-bronchodilator FEV
and (B) an absolute response of >400 mL from pre-bronchodilator FEV1 [82].

To use any definition of bronchodilator reversibility to make clinical decisions requires
it to be stable from day to day and this is not the case in patients without a history of
asthma and diagnosed as having smoking-induced COPD. This became apparent when
the reversibility testing data from the ISOLDE study conducted over 20 years ago were
analysed [79] and has been confirmed in other large prospective clinical trial populations
where carefully standardised reversibility testing was undertaken [82]. Figure 2 illustrates
the problem. Over the 3 years of testing, significant numbers of individuals meeting the
reversibility criteria at their first visit would be reclassified when tested on a subsequent
visit. Overall, the percentage of people in the population testing positive at a given atten-
dance was remarkably constant but the individuals who made up that population varied
substantially. These data have to be considered when interpreting the studies described
above that have classified individuals as having ACO based on a single bronchodilator test.
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Figure 2. Response to bronchodilators in 660 people with COPD who participated in the ISOLDE study. The results

presented show absolute FEV; pre-bronchodilator and after administration of one or more bronchodilator. At visit 0 subjects

received salbutamol followed by ipratropium bromide, at visit 1 ipratropium bromide followed by salbutamol and visit 2

where both bronchodilators were administered together [79].

It would be helpful if patients with a positive BDR on one occasion behaved differently
from those who did not but this does not seem to be true, at least in studies where patients
did not have a history of prior asthma. The 4-year UPLIFT trial found no relationship
between health status or exacerbation rate and the initial bronchodilator response [83].
This was confirmed in the ECLIPSE dataset [82]. The ECLIPSE investigators went on
to look at the subset of patients who were consistently positive on testing over 3 years
and compared them to those with consistently negative tests and found no difference in
mortality, hospitalisation or exacerbation rates.

In summary, classification of individual patients as having an asthma—COPD overlap
condition based on a single bronchodilator test is unreliable and influenced by the nature
of the test conducted, the severity of pre-test lung function impairment, the way in which it
is interpreted and between day fluctuations in ASM tone. How much of the apparent differ-
ence in behaviour at a group level is determined by a greater than anticipated improvement
in FEV; after a short-term bronchodilator test remains uncertain.

6. Therapeutic Implications of ACO

One of the main reasons to identify patients as having ACO would be to vary their
treatment in order to reflect the presence of a presumed dual pathology and potential
treatment approaches have been reviewed before [84]. At present there is no evidence base
comparing treatment efficacy in individuals meeting any of the ACO definitions with those
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with “‘pure” COPD. Indeed, it seems unlikely that important differences would emerge
in patients selected on the basis of any of the composite definitions currently proposed.
Among COPD patients it is clear that even those who do not exhibit a positive response still
benefit from long-acting inhaled bronchodilator treatment in terms of improved exercise
capacity and reduced degrees of exertional breathlessness [85]. Hence, it would be illogical
to restrict the use of these treatments to those who met the ACO criteria.

The crucial drug class where a clear distinction might be helpful is in the use of anti-
inflammatory drugs. The most studied class has been ICS and here prior belief seems to
trump evidence. For many working in this field it has been an item of faith that inhaled cor-
ticosteroids are ineffective in COPD and hence they need an explanation for the large body
of data that show that ICS, usually combined with a long-acting inhaled bronchodilator,
can improve health status, decrease exacerbation frequency, decrease the rate of decline in
FEV; and prolong life in a large clinical trial population [86]. The suggestion that positive
results reflect the presence of a ‘hidden’ asthmatic population overlapping with “pure’
COPD is not supported by re-analysis of the trial data [87]. However, one characteristic
which is part of some definitions of ACO can properly be considered to be a treatable trait
on which therapeutic choices about ICS use can be based.

As discussed above blood eosinophil counts have been proposed as a way to identify
an ACO subtype of COPD. Airway eosinophilia has been studied in airways disease for
almost 20 years mainly focusing on patients with asthma and reporting induced sputum
data [88]. However, the relationship between induced sputum eosinophil counts and those
in blood is weak in patients diagnosed with COPD [89]. The recognition that COPD patients
in the highest tertile of the normal range of eosinophil counts experienced significantly
fewer exacerbations when treated with ICS+LABA compared with LABA alone changed
perceptions radically [90]. These data were confirmed in other data sets [91,92] as a better
understanding emerged about how best to interpret the threshold where the beneficial
effect of ICS on exacerbation frequency emerged. In general, this was dictated by the a priori
likelihood of an exacerbation occurring and the amount of background bronchodilator
treatment, with patients with a blood eosinophil count and a prior exacerbation history
being likely to benefit from using ICS irrespective of the degree of concomitant therapy [93].
The extent of peripheral blood eosinophilia did not influence any positive effect of ICS
on either FEV; or health status, but there are retrospective data suggesting that patients
with higher blood eosinophil counts have a reduction in lung function loss over time
when treated with ICS [94]. Rather surprisingly, the same association between blood
eosinophil count and the effect of treatment on exacerbations was seen with a different
agent, roflumilast [95]. Like inhaled corticosteroids [96], this drug decreases the degree
of eosinophilia seen in airway biopsies [97]. Further mechanistic studies explaining these
effects are needed.

The problem for the ACO concept is that the presence of a higher blood eosinophil
count is not related to other proposed features of an ACO diagnosis. The distribution of
blood eosinophils in COPD populations is not different from that seen in healthy patients
without the disease [98], suggesting that the coexistence of a higher count and COPD occurs
by chance rather than due to a specific causal mechanism. As noted already, the blood
eosinophil count in the large observational NOVELTY study was not different between
patients with an ACO diagnosis and those thought to have usual COPD [51], a finding
that held true across the clinician-determined range of disease severity (Figure 3). The
diagnostic classification did have some significance as ACO patients were more likely to
receive ICS treatment in disease perceived to be mild or moderately severe than was the
case if COPD alone was diagnosed. However, a similar percentage of patients with severe
disease received ICS and ICS+LAMA+LABA treatment irrespective of which diagnostic
label was applied.
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Figure 3. Mean absolute eosinophil count (cells/pL) in 11,243 patients who participated in the NOVELTY study which
included 5940 with a physician diagnosis of asthma, 3907 with a physician diagnosis of COPD and 1396 with a physician
diagnosis of asthma and COPD. The physician also assessed disease severity as mild, moderate or severe [51].

7. Conclusions

Doctors select medical labels for a variety of reasons—to explain to patients that their
problems have a rational basis with predictable outcomes that are amenable to proven
treatment, to indicate the likely clinical course and prognosis of the condition and finally,
on some occasions, to conceal their diagnostic uncertainty and allow them freedom to select
treatment that a more restrictive diagnosis would not necessarily allow. It is our view that
most cases diagnosed as ACO fall into this last category. This is not due to any ill-intent
on the part of the doctor but reflects the multidimensional way in which the diagnosis of
asthma and COPD have been presented over the years with a lack of clarity about which
features carry most weight in reaching a diagnostic conclusion and uncertainty about how
the clinical manifestations of the illness relate to the pathological changes and disease
mechanisms which cause them. It is now possible using more objective measurements
made in life to categorise these processes differently but the ubiquity of both asthma and
COPD, coupled with the long natural history of both conditions, make implementing
this a challenging undertaking. Hence, we are likely to be left with composite diagnostic
categories which will inform our clinical and academic approach to these conditions. This
highlights the need for long-term cohort studies to better understand both the real-life
trajectories of COPD and asthma over time, and to better identify phenotypes of patients
who may experience features of COPD and asthma. The question remains in this setting—is
ACO a useful diagnostic subdivision? As our review of the evidence suggests, we do not
believe this is the case.

At the individual patient level, the lack of agreement about what a doctor might mean
by the term ACO is a huge drawback. Extrapolating treatment algorithms for this condition
based on what occurs in its better-defined progenitor conditions is not helpful. Reliance on
a positive bronchodilator response means that the chance of the diagnosis being changed
rises with the number of times the test is repeated, even when relatively strict definitions
of a positive response are applied. Even if the response is positive, it does not preclude a
useful response to the currently available inhaled therapies. Selection of patients based on
relative blood eosinophilia has a better evidence base, at least for exacerbation prevention
with some anti-inflammatory treatments. However, these beneficial effects are linked to
the higher blood eosinophil count (which itself shows modest between day variation)
rather than the other features of ACO and appear to be distributed across the general
population rather than confined to a particular subset of patients with airways disease. In
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larger population studies, subjects identified as having ACO report more exacerbations
than those with COPD alone. This may reflect the nature of their COPD pathology which
increases their apparent AHR and leads to more between day fluctuation in airway calibre
for reasons other than abnormal airway smooth muscle function.

Several approaches have been proposed to deal with these issues of classification. In a
thoughtful article Wise and Putcha suggest four different ‘phenotypes” of ACO (Table 4)
which best explain associations between persistent airflow obstruction and asthma [99].
Like the other proposed definitions of ACO, there is a need for longitudinal data to prospec-
tively determine the stability of the diagnostic groups and their subsequent outcomes.
A more attractive approach is based on the approach of Agusti et al. who emphasise
the treatable traits which may be present in an individual patient, where a high blood
eosinophil count is seen as a biomarker of the ability of ICS to prevent exacerbations
rather than a defining characteristic of a specific disease [100]. How widely this return to
Orie’s chronic non-specific lung disease will be accepted remains to be seen. Like others
who have reviewed this issue [17-19,33] we tend to the view that it is better to ascribe a
dominant likely pathology and describe the individual features that need most attention
(e.g., exertional dyspnoea, frequent exacerbations, weight issues, social impacts) rather
than creating a separate disease category that follows a different treatment schedule of
uncertain relevance to the patient’s needs.

Table 4. A suggestion for different pathways to ACO presented as 4 different ‘phenotypes” of ACO
described by Putcha and Wise [99].

Phenotype of ACO Clinical and Biological Features

Exacerbations driven by eosinophilic inflammation
Better lung function, less emphysema, less
disease progression
Better response to oral and inhaled corticosteroids
Higher level of atopy

Smokers with airflow obstruction and
eosinophilic inflammation

Asthmatics less responsive to corticosteroids
Higher level of irreversible airflow obstruction
Neutrophil dominated airway inflammation and
exacerbations are more common

Resistant asthmatic

Long-standing asthma and irreversible
Elderly asthmatic with irreversible airflow obstruction
airflow obstruction Neutrophil dominated airway inflammation
Loss of lung elastic recoil and more hyperinflation

Asthma as child or young adult but
long-term smoking
Higher number of pack years (more likely to have
>20 pack years)
High symptom burden and healthcare utilisation

Childhood asthmatic who smokes and
has developed COPD

Thus, the conclusion reached by the person who has thought most about this topic
and advocated the renaissance of the term ACO in 2009, when they revisited this topic in
2015 [62], seems the most appropriate summary of the case against ACO independently
of COPD:

“A precise and useful definition of asthma—COPD overlap has not been possible, and
the condition itself appears to compromise several different sub-phenotypes. It is proposed
that addressing disease components via a multidimensional approach to assessment and
management of obstructive airway diseases will be useful to manage the heterogeneity of
these conditions.”
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Abstract: Asthma and chronic obstructive pulmonary disease (COPD) are now recognized to be able
to co-exist as asthma—COPD overlap (ACO). It is clinically relevant to evaluate whether patients
with COPD concurrently have components of asthma in primary care. This is because: (i) ACO
is a relatively common condition among asthma (over 40 years of age) or COPD irrespective of
its diagnosis criteria; (ii) patients with ACO can have higher frequency of exacerbation and more
rapid decline in lung function than those with asthma or COPD; and (iii) asthmatic features such as
eosinophilic airway inflammation are promising indicators for prediction of inhaled corticosteroid-
responsiveness in COPD. The aim of this review to evaluate diagnostic markers for ACO. We
searched PubMed for articles related to ACO published until 2020. Articles associated with diagnostic
biomarkers were included. We identified a total of 25 studies, some of which have revealed that
a combination of biomarkers such as fractional exhaled nitric oxide and serum immunoglobulin
E is useful to discern type 2 inflammation in the airways of COPD. Here, we review the current
understanding of the clinical characteristics, biomarkers and molecular pathophysiology of ACO in
the context of how ACO can be differentiated from COPD.

Keywords: asthma—-COPD overlap; asthma; COPD; fractional exhaled nitric oxide; immunoglobulin E

1. Introduction
1.1. Background of Asthma and Chronic Obstructive Pulmonary Disesase

The global burdens of asthma and chronic obstructive pulmonary disease (COPD) are
increasing, each of which was estimated to affect respectively approximate 339 million and
251 million people worldwide in 2016 [1]. It has been widely accepted that asthma and
COPD are strikingly different airway disorders [2,3]. Although the “Dutch hypothesis”
suggested a common genetic background underlying airway obstruction with a spectrum
of clinical entities from asthma to COPD, recent genetic research indicated that it was
unlikely that genetic factors are shared by asthma and COPD [4].

Asthma is a heterogenous and inflammatory disease affecting large and small respira-
tory tracts but not the lung parenchyma, and contains clusters of demographical, clinical
and pathophysiological characteristics underpinned by different pathophysiological pro-
cesses [5]. This heterogeneity may be explained by the complexity of dysregulated innate
and adaptive inflammatory responses to exogenous allergens and proteases leading to
the spectrum of abnormal tissue remodeling, where type 2 cytokines such as interleukin
(IL)-4, IL-13 and IL-5 primarily promote airway eosinophil infiltration, mucus hypersecre-
tion, bronchial hyperresponsiveness and mast cell activation [6]. Major subpopulations
of asthmatics have molecular signatures of T helper 2 (Th2)—inflammation and airway
obstruction that markedly respond to inhaled corticosteroid (ICS) [7]. In line with this
translational study, accumulated evidence from randomized control trials have revealed the
importance of ICS usage from the early steps of asthma treatment because clinical studies
have shown that ICS robustly reduced the risk of symptoms, exacerbations, hospitalization
and mortality from asthma [8-10].
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COPD is defined as a common, preventable and treatable disease that is character-
ized by persistent respiratory symptoms and airflow limitation that is due to airway
and/or alveolar abnormalities usually caused by significant exposure to noxious particles
or gases and influenced by host factors including abnormal lung development [11]. In
addition to cigarette smoking, known as the most common COPD risk factor [12], the
susceptibility could be influenced by genetic factors [13,14] and abnormal lung growth [15].
Unlike asthma, CD4* T helper 1 (Th1) cells, CD8* cytotoxic T (Tc) cells, neutrophils and
macrophages predominantly affect the small airways and the lung parenchyma leading to
mucus hypersecretion, alveolar wall destruction (emphysema) and small airway fibrosis
in COPD [2,16]. These pro-inflammatory cell-types are functionally altered by oxidative
stress and intracellular signaling pathways including activation of the proinflammatory
transcription factor nuclear factor kB (NF-kB) [17], and alveolar macrophages are defective
in bacterial phagocytosis, possibly via several phagocytic receptors and mitochondrial
molecules related to oxidative stress [18-21]. The small airway narrowing induced by
pro-inflammatory cell infiltration, luminal exudates, wall thickening, and the loss of small
airways associated with emphysema increases airway obstruction [22,23]. In the wall thick-
ening, hyperplasia of basal cells, known as airway epithelial stem cells, could be formed
through several molecules such as Axl receptor tyrosine kinase [24] and Yap-Wnt7b [25].
The airflow limitation progressively leads to gas-trapping in peripheral lungs during expi-
ration on exercise, resulting in dynamic hyperinflation which is postulated to be the main
mechanism of exertional dyspnea [26,27]. Thus bronchodilators, long-acting muscarinic
antagonists (LAMA) and long acting betay-agonists (LABA), are commonly used as the
pharmacological therapy for COPD and are known to reduce lung hyperinflation, dyspnea
and exercise endurance [28,29] leading to improvement of the quality of life and a reduc-
tion in the frequency of exacerbations [30]. Accumulated evidence indicates that LAMA
significantly reduce the frequency of exacerbations and non-serious adverse events and
increase the trough forced expiratory volume in one second (FEV1) compared to LABA in
patients with stable COPD [31].

1.2. Safety Issues of ICS for Airway Infection of Patients with COPD

Several lines of evidence have indicated a higher risk of pulmonary infection in
COPD patients. A population-based, case-control study conducted in Spain including
859,033 inhabitants showed a strong relationship between COPD and community-acquired
pneumonia, which was independent of other clinical factors (odds ratio (OR) 1.84 (95%
confidence interval (CI), 1.32-2.59)) [32]. A prospective case-control study with 175,906
COPD subjects in Canada also demonstrated that current use of ICS further increased
the risk of hospitalization for pneumonia (rate ratio (RR) 1.70 (95% CI, 1.63-1.77)) and
pneumonia followed by death within 30 days (RR 1.53 (95% CI, 1.30-1.80)) [33]. Particularly,
a subset of COPD treated with ICS who had both less than 100 cells /1L of blood eosinophils
and chronic bronchial infection by potentially pathogenic microorganisms was at higher
risk of pneumonia (OR 3.238 (95% CI, 1.426-7.231)) [34]. Moreover, the current use of ICS in
subjects even without oral corticosteroid also increased the risk of tuberculosis (TB) in a low-
prevalence country (RR 1.33 (95% CI, 1.04-1.71)) [35] as well as in an intermediate-burden
setting (OR 1.20 (95% CI 1.08-1.34)) [36]. In addition, the increased risk of TB infection
was significantly associated with higher doses of ICS [35,36]. These studies highlighted
the importance of the risk of pulmonary infection among COPD patients who are treated
with high dose ICS and provided the clinically relevant question of which subset of COPD
subjects would benefit from ICS therapy.

1.3. Needs for Considering Patients with Clinical Features of Both Asthma and COPD

From the early 2000s onwards, the differential diagnosis of patients with respiratory
symptoms who are more than forty years of age has been recognized to be more problematic.
This is because COPD becomes more common in older adults and discriminating asthma
with persistent airflow obstruction from COPD is often challenging [37,38]. In fact, in
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2007, the Canadian Thoracic Society Recommendations for Management of Chronic Obstructive
Pulmonary Disease—2007 Update described the concept of “combined COPD and asthma”
to highlight the finding that early introduction of ICS could be justified if the COPD
patients had prominent features of asthma [39]. In 2009, Gibson and Simpson introduced
the word of “the overlap syndrome of asthma and COPD” and noted that, since these
patients had been largely excluded from pivotal therapeutic trials for both asthma and
COPD, its diagnosis and treatment were poorly defined and lacking firm evidence [40].
Despite a growing controversy over clinical and prognostic features of ACO, retrospective
studies have provided the plausible premise showing that patients with both asthma and
COPD have more respiratory symptoms [41], high frequency of exacerbations [41,42] and
accelerated decline in lung function [43]. Thereafter, articles regarding asthma—COPD
overlap syndrome (ACOS) have been widely reviewed [44-46]. Following these early
reviews, in 2014, the Global Strategy for Asthma Management and Prevention (GINA) and
the Global Initiative for Chronic Obstructive Pulmonary Disease (GOLD) jointly issued their
consensus-based document on ACOS so that clinicians were able to distinguish asthma
from COPD and make a diagnosis of ACOS in patients with chronic airflow limitation [47].
GINA then suggested the descriptive term asthma—COPD overlap (ACO) rather than
ACOS, which had been often interpreted as implying a single disease [48].

In 2016, based on the urgent requirement of an operational definition of ACO, a global
expert panel from North America, Western Europe and Asia proposed criteria for its diag-
nosis, which consisted of age, smoking history, the presence of persistent airflow limitation
defined by spirometry, history of asthma and allergic rhinitis, bronchodilator response in
FEV; and peripheral blood eosinophil counts [49]. Following this attempt, some guidelines,
such as Spanish [50] and Japanese [51] guidelines, published diagnostic algorithms that
employed objective evaluations of eosinophilic and allergic airway inflammation by quan-
tifying the levels of fractional exhaled nitric oxide (FeNO) and serum immunoglobulin E
(IgE). However, the GOLD 2020 update has stated that it no longer mentions ACO [11].
This was because asthma and COPD were different disorders, although they might share
common traits and clinical features. In addition, it further documented that “if a concur-
rent diagnosis of asthma is suspected, pharmacotherapy should primarily follow asthma
guidelines, but pharmacological and non-pharmacological approaches may be needed
for their COPD”. This has given rise to pro and con arguments for experts in obstructive
lung diseases [52,53]. As patients with ACO have been certainly excluded from clinical
studies of asthma and COPD [49], molecular mechanisms of the disease and evidence
of appropriate therapies are less well understood. Considering the pro-con discussion,
we still have a large, unresolved question concerning why we should have a diagnostic
term of ACO and how we can distinguish between COPD and ACO. The rationale of this
systematic review is to describe how ACO differs in clinical features and pathogenesis
from COPD. Thus, we aimed to elaborate clinical features and diagnostic markers that
enable to discriminate ACO from COPD.

2. Methods
2.1. Search Strategy and Eligibility Criteria

This systematic review adheres to the PRISMA guidelines [54]. We searched PubMed
for publications until 2020 with terms of “asthma—COPD overlap” or either “diagnosis”
or “biomarker”. Articles were included if they indicated a total population to evaluate
diagnostic biomarkers such as FeNO, IgE, humoral factors or radiographical findings to be
able to differentiate ACO from COPD. We excluded articles that: (1) were not associated
with diagnosis of ACO by the titles and abstracts; (2) were systematic reviews or guidelines;
(3) were subset analyses in other studies; (4) did not report any biomarkers except for blood
eosinophil counts and pulmonary function tests. We finally added five articles reporting
FeNO-driven identification of ICS responders in patients with COPD as citation searching.
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2.2. Data Collection and Risk of Bias Assessment

Two review authors (NF and HS) screened the titles and abstracts of all studies
identified. Full text assessments were performed to identify studies that met inclusion
criteria. The risk of bias in the eligible studies was evaluated in accordance with the
recommendations in the Cochrane Handbook for Systematic Reviews of Interventions 5.1.0.

3. Results
3.1. Characteristics of Selected Studies and Risk of Bias

The literature search yielded 226 candidate studies. After excluding studies on the
basis of their titles or abstracts or through examining their full texts, 20 were identified.
We also included five articles reporting FeNO-driven identification of ICS responders
in patients with COPD as citation searching. Thus, 25 studies were included in this
review (Figure 1). These studies were summarized in Table 1. Diagnostic markers for ACO
included FeNO, combination of FeNO and IgE, blood, urine or induced sputum biomarkers
such as inflammatory cytokines and radiographical parameters (Table 1). There were high
selection bias and performance bias in the included studies.

[ Identification of studies via and regi ] [ Identification of studies via other methods ]
Records removed before
g screening:
s Duplicate records removed
Records identified from PubMed: B (n=0) Records identified from:
Databases (n = 226) o Records marked as ineligible Citation searching (n = 5)
by automation tools (n = 0)
Records removed for other
reasons (n = 0)
I
—
Records excluded by
Records screened & title/abstract

(n = 226)

(n=125)

l

Screening

Reports sought for retrieval »| Reports not retrieved Reports sought for retrieval | Reports not retrieved
(n=101) "l (n=0) (n=5) l (n=0)
Reports assessed for eligibility _ | Reports excluded: ) Reports assessed for eligibility o Report__s excluded:
(n=101) > Reason 1: Systematic (n=5) »>| (n=0)

reviews, guidelines (n = 53)

y

A

Reason 2: Sub-analysis (n =

Reason 3: No biomarkers
other than blood eosinophil
counts and lung function
tests (n=27)

(n=25)

[ Included ] [

Studies included in review

Figure 1. Study selection.

3.2. Possible Diagnostic Biomarkers for ACO: The Role of Fractional Exhaled Nitric Oxide, FeNO
and IQE for the Detection of Asthmatic Features of COPD Patients

3.2.1. FeNO as a Potential Biomarker for Type 2 Inflammation for Optimal Diagnosis and
to Predict the Treatment Response in Asthma.

Nitric oxide (NO) mainly originates from respiratory epithelial cells and is dominantly
produced through inducible NO synthase (iNOS). Homeostatic interferon (IFN)-y and its
downstream molecule, signal transducer and activator of transcription (STAT)-1, maintains
iNOS expression in the airway epithelium of healthy subjects [55]. Alving et al. firstly
reported level that the FeNO of patients with mild atopic asthma was two- to three-fold
higher than that of healthy control subjects [56]. A large-scale general population study
supported this preliminary data by demonstrating that individuals with both increased
FeNO levels and blood eosinophil counts had an increased risk of respiratory symptoms
of asthma and ACO [57]. In addition, the FeNO levels were significantly increased in
atopic asthma compared to non-atopic asthma [58]. The increase in the FeNO levels was
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underpinned by the up-regulation of iNOS mRNA and protein expression in the airway
epithelium of asthmatics [59-62]. A clinical study using a selective iNOS inhibitor further
confirmed that up-regulation of the FeNO levels dominantly depended on the increased
iNOS expression in asthmatic patients [63]. The extent of FeNO was significantly corre-
lated with the eosinophil counts in induced sputum [64], endobronchial biopsies [65] and
bronchoalveolar fluid [66] in asthmatics, suggesting that FeNO could be used as a surro-
gate marker for eosinophilic airway inflammation. Although airway hyperresponsiveness
(AHR) of steroid-naive asthmatics at baseline was not associated with airway inflammation
markers such as FeNO and eosinophils in induced sputum, the improvement of AHR and
FEV; by inhaled corticosteroid therapy was significantly correlated with a reduction in the
FeNO levels in those patients [67]. Researchers and clinicians in the field of asthma and al-
lergy have given much attention to the molecular mechanisms underlying the upregulation
of iNOS in asthmatic airways. Two groups reported that IL-13 induced iNOS mRNA and
protein expression, which was significantly correlated with NO gas production in primary
bronchial epithelial cells from healthy subjects [68] and mild-moderate asthmatics [69]. The
contribution of the IL-4 and IL-13 pathway to the increase in airway NO production was
further confirmed by clinical trials demonstrating that the FeNO levels were reduced in
asthmatic patients treated with IL-4/IL-13 signaling blockade including nebulized soluble
recombinant IL-4 receptor [70], inhaled recombinant IL-4 variant [71] and a monoclonal
antibody to the alpha subunit of the IL-4 receptor alpha [72]. Collectively, these basic,
translational and clinical studies have shown convincing evidence that FeNO could be a
surrogate marker for type 2 inflammation of the airway.

3.2.2. How Can Feno Be Adopted to Discern ICS-Responsive, Asthmatic Phenotypes
in COPD?

COPD is a highly complex and heterogenous disease, including several characteristics
that could provide a rationale for the development of precision medicine [73]. Because
inappropriate treatment with ICS is known to increase the risk of pneumonia for COPD
patients, as discussed above, ICS should be ideally used for patients who can be expected to
respond to corticosteroid therapy. Brightling et al. performed a randomized, double blind,
crossover trial revealing that subjects with COPD who had higher eosinophil counts in their
induced sputum exhibited increased post-bronchodilator FEV; after six-week-treatment
with ICS [74]. Based on this research, much effort has been given to ask whether FeNO can
be used to identify asthma-associated features related to a favorable ICS response among
COPD patients (Table 1). These studies, despite the small numbers of patients included,
produced consistent and substantial results demonstrating that the initial FeNO levels were
significantly correlated with the improvement of airway obstruction evaluated by FEV
or AN after additional ICS therapy [75-79]. Moreover, a recent double-blind randomized
placebo-controlled trial including 214 undiagnosed subjects who had cough, wheeze or
dyspnea showed that FeNO could be used in clinical practice for patients with non-specific
respiratory symptoms in order to predict the ICS response [80]. Although these studies
showed promise for the general use of FeNO in the clinical setting of COPD, it is still
unclear whether a FeNO cut-off value could be determined to identify an ICS-responsive
subset of COPD patients [81]. This question is of particular importance because the GOLD
guideline limited the use of ICS to only the following types of patients: (i) Group D patients
with greater than 300 cells/uL of blood eosinophils in initial pharmacological treatment
or in follow-up pharmacological management post exacerbations and (ii) patients with
more than 100 cells/uL of blood eosinophils when experiencing more than 2 moderate
exacerbations per year or at least one severe exacerbation requiring hospitalization in the
prior year [11]. Recent clinical studies compared FeNO levels between COPD and ACO
and confirmed high accuracy of diagnosis to discriminate ACO from COPD [82-86].
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Table 1. Characteristics of included studies.

References
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positively correlated

" Single-arm, open-label, . GOLD stage 1/2/3/4,n  Ciclesonide 400 ug/day, with changes in FEV;
Yamaji et al. [79] prospective COPD 44 (ex-smokers) =0/34/9/0 12 weeks and correlated with
improvement of COPD
assessment test score.
Studies reporting FeNO for ACO diagnosis
Postbronchodilator
COPD 103 (22 ACO), FEV; 95 + 19% (never FeNO AUC 0.79 with an
Alcazar-Navarrete Cross-sectional never smoker 16, smoker), 96 £ 3% FeNO optimal-cut off 19 ppb
B, et al. [82] healthy smoker 30, (healthy smoker), 90 + (sensitivity 0.68,
asthma 43 16% (asthma), 60 £ 21% specificity 0.75)
(COPD)
Post-bronchodilator
S o FEV; 63% (95%CI, AUC 0.63 (95% CI,
Goto, et al. [83] Cross-sectional COPD 197 (ACO 23%) 59-67: ACO), 60% FeNO 0.54-0.72)
(95%CI, 60-67; COPD)
FEV; 50.1 + 19.3%
Chen, et al. [84] Cross-sectional COPD 132, asthma 500, (COPD), 88.5 £ 19.4% FeNO AUI(; ge?sftcll\lli-t(})lfgg‘éos
setal. ACO 57 (asthma), 50.1 18.6% pps ccificity 75%)
(ACO) P y /ot
AUC 0.726 (FeNO
FEV; 69.7 + 21.1% cut-off level 25.0 ppb,
Takayama, et al. [85] Cross-sectional COPD 65, ACO 56 (COPD), 64.9 + 17.6% FeNO with 60.6% sensitivity
(ACO) and 87.7% specificity for
steroid-naive patients)
o, s Ao
Guo, et al. [86] Cross-sectional COPD 53, ACO 53 48.3-66.9; ACO), 43.0% FeNO sensitivit 7.40/pp 4
(IQR, 34.8-57.1; COPD) VILy 72 o
specificity 77%
Studies reporting a combination of FeNO and IgE for ACO diagnosis
COPD 331 (never 7.8% of participants
. smoker 10, ex-smoker o considered as ACO
Tamada, et al. [87] Cross-sectional 257, current smoker 46, FEV; 61.5 4 20.8% FeNO and serum IgE (FeNO > 35 ppb + IgE >
unknown 18) 1731U/L).
AUC 0.74 (95%CI,
0.63-0.84; cut-off 23 ppb,
sensitivity 73.0%,
specificity 68.2%).
Kobayashi, et al. [88] Cross-sectional COPD 257 FEV; 63.1 £+ 32.9% FeNO and serum IgE Combination of FeNO >
23 ppb and IgE > 434
IU/mL showed 94.1%
specificity and 37.8%

sensitivity.
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Table 1. Cont.
References Study Design Subject Numbers Seve]f}ty.of {-\1rﬂ0w Intervention or Results
imitation Measurement
Studies for blood biomarkers for ACO diagnosis
(o)
10 ACO (Spanish (Al(:ZEOV—é 7§fi§1)23§§ ba
guideline), 13 ACO 22 8% FACO—G/INA) Mitochondrial and ACO patients showed
Carpagnano, et al. [89] Cross-sectional (GINA guideline), 13 o0 o 4 nuclear DNA in blood increased mitochondrial
46.9 + 10.7% (COPD), >
COPD, 14 asthma, 10 o cells DNA in the blood cells.
healthy subiects 88.9 £ 17.7% (asthma),
y sub) 91.0 + 6.3% (healthy)
AUC 0.94 (95%CI,
0.90-0.98; total serum
o o mRNA expression of IgE level > 310 IU/mL,
43}:1]3;% ;3C4£P(]?)§ @%Iéo/ TBX21, GATA3, RORC blood eosinophil counts
Hirai, et al. [90] Cross-sectional COPD 50, asthma 152 " ogor ol and FOXP3 in > 280 cells/ uL, a higher
(95%CI, 69.3-97.1; ioheral blood i0 of TBX21 /GATA3
asthma) peripheral bloo ratio o! 1 / ,
mononuclear cells FEV1/FVC ratio < 0.67
and smoking > 10
pack-years
Post-bronchodilator >A1C;‘,1 ;ﬁé‘;ﬂ;j]gg Il:)zlt\t]eor
) COPD 89, asthma 94, FEV; 55.1 £ 18.5 /o0 IL-6, IL-8, .TNI.:-‘X’ IL-13, AUC (0.707
Llano, et al. [91] Cross-sectional (COPD), 69.5 + 18.9% IL-5, Periostin, IL-17,
ACO 109 5 [0.642-0.772], p < 0.001)
(asthma), 58.9 £ 17.0% FeNO .
than the cytokines or
(ACO) Lo
periostin in blood
Post-bronchodilator NGAL levels (odds
. FEV; 71.1 £ 15.8% ratio, 1.72; 95%CI,
Jo, et al. [92] Cross-sectional COPD 60, ACO 77 (COPD), 7.6 + 16.6% NGAL 0.69-4.28; ACO vs.
(ACO) COPD)
YKL-40 AUC 0.71
(95%CI, 0.65-0.79),
cut-off < 12.61 ng/mL,
Post-bronchodilator sensitivity 73.5%,
FEV; 59.0 +9.1% specificity 67.7% for
Wang, et al. [93] Cross-sectional COPD 147, asthma 124, (COPD), 73.7 + 5.5% YKL-40, NGAL, TSLP, ACO vs. COPD
& T ACO 102, control 50 (asthma), 70.1 + 5.6% periostin NGAL AUC 0.75
(ACO), 95.4 + 7.7% (95%Cl, 0.68-0.82),
(control) cut-off < 104.7 ng/mL,
sensitivity 92.7%,
specificity 58.8% for
ACO vs. asthma
YKL-40 AUC 0.71
(95%Cl, 0.64-0.77),
cut-off 61.3 ng/mL,
e o
FEV; 66.5% (IQR, ser‘.sf?tl.‘t”t;fg'o? /f
o ) COPD 61, asthma 177, ~ 35.8-76.3; COPD), 91.0  YKL-40, periostin, IgE, SpReLICHy 70,50 Tor
Shirai, et al. [94] Cross-sectional ) ACO vs. asthma
ACO 115 (78.3-102.8; asthma), FeNO Periostin AUC 0.61
65.0 (49.0-71.5; ACO) eriostin ;
’ (95%CI, 0.53-0.70),
cut-off 55.1 ng/mL,
sensitivity 59.1%,
specificity 62.3%
FEV; 40.2 £+ 6.4% .
Cai, et al. [95] Cross-sectional COPD 27, ACO 29, (COPD), 40.6 & 8.5% Eicosanoids 15t(rsa)ér}11gi§raoc)i((};e11§(§éte_
4 T Healthy control 28 (ACO), 90.8 + 4.6% 0.96 4
(healthy) ’
Post-bronchodilator
FEV; 55.3 4+ 21.2% No cytokines that were
Kubysheva, et al. [96] Cross-sectional COPD :ggs;?ma 32, (COPD), 69.5 + 18.9% IL-17,1L-18, TNF- able fo distinguish ACO
(asthma), 58.9 + 17.0% from COPD
(ACO)
Studies for urine biomarkers for ACO
FEV; 68.1% (IQR, Urinary I-histidine
48.8-85.5; COPD), 92.3% L-histidine (identified levels were significantly
Oh, et al. [97] Cross-sectional COPD;%SS?:?ma 32, (IQR, 79.1-103; asthma), from urine higher in patients with
70.0% (IQR, 51.7-85.0; metabolomics) ACO than in those with
ACO) asthma or COPD
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Table 1. Cont.
References Study Design Subject Numbers Sever}ty'of {-\1rﬂow Intervention or Results
Limitation Measurement
Studies for biomarkers of induced sputum differentiating ACO from COPD
Discovery cohort: 14
never smoker, 14 Post-bronchodilator Only sputum NGAL
healthy smoker, 24 FEV; 105.9 + 10.6% levels could
asthma, 20 COPD, 18 (never smoker), 98.5 1L-13, MPO, NGAL, differentiate ACOS
Gao, et al. [98] Cross-sectional ACO. 15.5% (healthy smoker), YKL-40, IL-6 protein from asthma (p < 0.001
4 ’ Replication cohort: 22 78.8 £ 14.0% (asthma), levels in induced and p < 0.001) and
never smoker, 40 58.3 4+ 19.1% (COPD), sputum COPD (p <0.05and p =
healthy smoker, 21 51.6 + 13.7% (ACO) in 0.002) in the discovery
asthma, 35 COPD, 17 the discovery cohort. and replication cohorts.
ACO
Studies for radiographical analyses differentiating ACO from COPD
. . In patients with ACO
FEV; 541 + 121% inadiographical and COPD, total and
) COPD 55, asthma 39, (COPD), 70.0 + 13.8% evidence of smonasa ethmoid LMS scores
Hamada, et al. [99] Retrospective o inflammation S
ACO 18 (asthma), 55.8 + 12.4% . were significantly lower
(Lund-Mackay staging, - .
(ACO) than those in patients
LMS) .
with asthma.
Variations of all
sagittal-lung CT
Post-bronchodilator Sagittal-lung CT measurements were
o FEV; 54.7 + 20.8% measurements before significantly larger in
Qu, etal. [100] Cross-sectional COPD 123, ACO 106 (COPD), 64.4 + 15.7% and after bronchodilator ~ patients with ACO than
(ACO) inhalation in patients with pure
COPD (p values all <
0.001)
Patients with ACO had
a greater wall thickness
in third- to
fourth-generation
FEV; 70.3 + 20.3% tl)r(;;ihlf si“alilﬁrfff‘tﬁf’iy
Karatama, et al. [101] Cross-sectional COPD 86, ACO 43 (COPD), 69.4 £ 19.0% 3 dimensional-CT umiha area °

(ACO)

sixth-generation
bronchi, and less
emphysematous
changes than did
matched patients with
COPD

COPD, chronic obstructive pulmonary disease; FEVy, forced expiratory volume in one second; FeNO, fractional exhaled nitric oxide; ICS,
inhaled corticosteroid; FVC, forced vital capacity; IgE, immunoglobulin E; GOLD, global initiative for COPD. CI, confidence interval; IL,
interleukin; TNF, tumor necrosis factor; MPO, myeloperoxidase; NGAL, neutrophil gelatinase-associated lipocalin; YKL-40, chitinase-like

protein; IQR, interquartile range; CT, computed tomography.

3.2.3. Serum IgE Elevation and Atopic Background for COPD and ACO

Atopy refers to a genetic tendency to produce IgE typically for common and envi-
ronmental allergens including inhaled allergens and food allergens. The presence of IgE
specific for inhaled allergens, such as dust mites, cockroach and animal dander, is known
to be a risk factor for asthma [102,103]. Serum total IgE levels were significantly correlated
in pairs of siblings for bronchial hyperresponsiveness to histamine, which is implicated
as a coinherited trait [104]. In addition, symptoms and exacerbations of asthma were
significantly associated with an elevation of serum total IgE, which was independent of
specific IgE [105]. This intriguing role of total, non-specific IgE in the association with
asthma may be explained by the ability of IgE to enhance mast cell survival via Fce receptor
I cross-linking [106]. Serum levels of total IgE, IL-4 and leukotriene B4 were increased in
ACO compared to COPD [107]. These observational and translational studies suggest that
the mast cell activation pathway is upregulated in ACO as with asthma. This hypothesis
was further supported by at least two clinical studies indicating that omalizumab, a human-
ized monoclonal antibody for IgE, markedly improved asthma control and health-related
quality of life in ACO and this observed improvement in ACO was as large as that in
asthma [108,109]. Given the evidence regarding IgE biology in atopic asthma overlapping
COPD, it may be sensible to evaluate asthma complications in COPD patients with atopy.
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3.2.4. Combination of Type 2 Inflammation-Related Biomarkers to Define ACO

In order to maximize the benefits of ICS for COPD patients while preventing them
from having pulmonary infectious diseases including pneumonia and TB caused by its
inappropriate use, a combination of biomarkers may be promising for precisely defin-
ing an ICS-responsive subset. Based on this concept, our group attempted to determine
whether the combination of FeNO and serum IgE had the ability to discern asthmatic,
ICS-responsive features among patients with COPD. We found that the sensitivity was 1.0
and the specificity was 0.56 for the subjects who had reversibility of airway obstruction
by 12-week-inhalation therapy of fluticasone propionate (FP)/Salmeterol (SAL) when
FeNO > 35 parts per billion (ppb) and/or a positive result for specific IgE (atopy+) were
combined [78]. Especially, all of the patients with both FeNO > 35 ppb and atopy+ re-
sponded to the additional FP/SAL therapy [78]. In addition, no patients with both less
than 35 ppb of FeNO and a negative result of specific IgE responded to FP/SAL. We
further reported that the prevalence of expected high ICS responders (i.e., FeNO > 35 ppb
and atopy+) was 7.8 % of Japanese COPD subjects, whereas that of patients who were
not likely given the benefits of ICS (i.e., FeNO < 35 ppb and atopy—) was 54.8% [87].
Another Japanese cohort confirmed this result [88]. These clinical proof-of-concept studies
may illustrate that a combination of biomarkers related to type 2 inflammation could be
useful for a more precise definition of ACO. Given this concept, in 2018 the Japanese
Respiratory Society (JRS) issued guidelines for new definitions and diagnostic criteria of
ACO (Table 2) [51,110]. It is noteworthy that these two biomarkers (FeNO and IgE) were
included in the criteria to identify the features of asthma among COPD subjects.

Table 2. Diagnostic criteria for ACO issued by the Japanese Respiratory Society [110].

Fundamental Aspects: Over 40 Years of Age, Chronic Airway Obstruction Defined By < 70% of Post-Bronchodilator FEV{/FVC

(Features of asthma)
Two positive features of the following 1, 2, 3 items; or at least one
positive features of 1, 2, 3 plus two positive features of 4

[Features of COPD]
At least one positive features of the followings (1, 2, 3)

1. Smoking history > 10 pack-years or equivalent exposure to air 1 Variable in diurnal, daily or seasonal symptoms, or paroxysmal
pollution respiratory symptoms (cough, sputum, dyspnea)
2. Low attenuation area indicating emphysematous changes on

HRCT 2. Past history of asthma before the age of 40 years

3. Attenuated diffusion capacity (%Drco < 80% or %Drco/Va <

80%) 3. FeNO > 35 ppb

4-1 Comorbidity of perennial allergic rhinitis

4-2 Reversibility of airway obstruction (FEV; > 12% and > 200 mL)
4-3 Blood eosinophil > 5% or > 300 cells/puL

4-4 Elevated serum IgE (total IgE or specific IgE for perennial inhaled
allergens)

COPD, chronic obstructive pulmonary disease; FEV1, forced expiratory volume in one second; FeNO, fractional exhaled nitric oxide; FVC,
forced vital capacity; IgE, immunoglobulin E; Dy co, diffusing capacity of the lung carbon monoxide; V5, alveolar volume.

Two recent reports used the criteria to better characterize the clinical features of
ACO in the Japanese population. A retrospective study investigating 170 subjects with
persistent airflow limitation indicated that the prevalence of ACO among COPD patients
was 31.5% [111]. However, one of the limitations in the retrospective study was that the
use of ICS was not controlled, and that the characterization of clinical phenotypes could
be biased or masked by ICS. More recently, Hirai, et al. investigated the prevalence of
ACO among ICS-naive patients with COPD and compared the baseline characteristics
between COPD and ACO [112]. 197 patients with COPD were included in this study
and 38 (19.3%) met the ACO diagnostic criteria by the Japanese guidelines. Although
they did not find statistical significance in the baseline clinical features (age, gender, pack
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years of smoking and pulmonary function) between ACO and COPD, symptoms and
dyspnea evaluated by COPD assessment test (CAT) and modified MRC (mMRC) scale
were significantly worse in ACO compared to COPD [112]. In addition, the frequency of
acute exacerbations during the one year prior to the participation was three times higher in
ACO than in COPD [112]. These studies with other literature [82-86] support the concept
that the diagnostic criteria using biomarkers such as FeNO and IgE could be a landmark
in facilitating a secure identification of ICS-responders among COPD patients. However,
further worldwide research will be necessary to uncover how much the ACO diagnostic
criteria could improve the clinical practice for COPD and ACO and to what extent the
use of ICS could be avoided. Major problems regarding the development of diagnostic
biomarkers include how biological parameters are weighed and how the cut-off values are
determined. Leading-edge approach using omics and machine learning may solve this
problem in an unbiased way [113-115].

3.3. Possible Biomarkers Relevant to Eosinophilic and Neutrophilic Inflammation in ACO

Christenson, et al. revealed transcriptome of airway epithelial cells in steroid-naive
subjects with mild to moderate asthma (n = 62) and control subjects without asthma (n = 43)
and defined the asthma-derived gene expression signatures of Th2 inflammation [116]. The
Th2-high signatures identified a clinically relevant subgroup of COPD that had a favourable
response to ICS [116]. Eosinophils activated by the Th2-related priming agents, such as IL-5,
IL-3, IL-33, granulocyte-macrophage colony-stimulating factor (GM-CSF) or Notch ligands
acquire cell motility, increase respiratory burst and release granule proteins including
eosinophil-derived neurotoxin (EDN) [117]. The serum EDN levels are known to correlate
with the persistent airflow limitation with adult asthma and to be significantly decreased
post eight-week treatment of omalizumab [118]. Serum EDN was significantly higher
in ACO compared to asthma and COPD [119]. In addition, using a putative diagnosis
biomarker for COPD, YKL-40 [120,121], combined assessment of serum EDN and YKL-40
revealed that a subset with both high serum EDN and YKL-40 levels was 45% in ACO, 14%
in asthma and 30% in COPD (OR 3.85 (95% CI, 2.35-6.36); sensitivity, 45.2%; specificity
82.4%) [119]. Interestingly, this study showed other subsets of ACO based on the levels
of EDN and YKL-40 (27% in high EDN and low YKL-40, 16% in low EDN and high YKL-
40 and 12% in low EDN and low YKL-40), confirming that ACO was a heterogenous
condition including different forms of airway diseases [47]. Since YKL-40 alone might not
be reproducible for the diagnosis of ACO [93,94], combinatory evaluation might be useful.

Not only the eosinophil-related protein EDN but also a neutrophil-associated protein
may be involved in the pathogenesis of ACO. Neutrophil gelatinase-associated lipocalin
(NGAL) is constitutively expressed by neutrophils and has a pivotal role in antimicrobial
immunity by binding bacterial siderophores and depriving bacterial iron [122]. The NGAL
protein levels were elevated in induced sputum [123] and plasma [124] in patients with
COPD. Moreover, the NGAL levels in bronchoalveolar lavage fluid were elevated even
in subjects who had emphysematous changes with normal FEV; [125,126]. Considering a
biochemical study demonstrating that NGAL prevented matrix metalloproteinase (MMP)-
9 from being degraded and maintained the MMP-9 enzymatic activity [127], NGAL has
been recognized to contribute to the development of pulmonary emphysema. However, the
NGAL levels in induced sputum were significantly higher in ACO compared to COPD and
asthma [128]. This might be explained by recent data indicating that NGAL is also secreted
from epithelial cells of renal, intestinal and respiratory systems and is now considered
to be a biomarker for acute kidney injury [122]. These data suggest that neutrophilic
inflammation, emphysematous changes and epithelial injuries might contribute to the
elevated levels of NGAL in induced sputum from patients with ACO [128]. However,
pro-inflammatory cytokines associated with type 1 and type 2 immunity in peripheral
blood might not be useful to diagnose ACO from COPD [91,96].

Recent studies using novel technologies have identified candidate molecules for
biomarkers of ACO. Cali, et al. reported that several eicosanoids associated with allergic
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inflammation were upregulated in ACO compared to COPD and demonstrated high
sensitivity and specificity to differentiate ACO from COPD [95]. Urine metabolomics
approach found that L-histidine levels were significantly higher in ACO compared to
COPD and asthma [97]. Computed tomographic analyses have captured characteristics of
allergic airway inflammation in the upper and lower airways to predict the presence of
asthma-related lesions in ACO [99-101].

4. Discussion

There are important problems yet to be addressed in clinical practice for ACO and
COPD: Why should we have a diagnostic term of ACO? How can we distinguish between
COPD and ACO? Since inappropriate use of ICS increases the risk of respiratory infection
in COPD patients, we need to maximize the ability to identify the subset of favourable
response to ICS. Our systematic review showed that FeNO was useful biomarker to identify
asthmatic components in patients with COPD. In addition, a combination of biomarkers
such as FeNO and IgE would be useful and provide promising diagnostic criteria for ACO,
which could be validated by future studies. To define more precisely the pathophysiology of
ACO, it would be essential to uncover the molecular mechanisms underlying inflammation,
tissue damage/repair and oxidative/nitrosative stress that can differentiate ACO from
COPD. In fact, several attempts have been done to clarify eosinophilic and neutrophilic
inflammation using blood, induced sputum and urine.

Because there has been no global consensus on the diagnostic criteria of ACO, its preva-
lence considerably depends on how it is defined [129]. However, a recent meta-analysis of
27 studies from North America, Europe and Asia reported that the prevalence of ACO was
estimated to be 2.0% (95% confidence interval (CI): 1.4-2.6%) in the general population,
26.5% (95% CI: 19.5-33.6%) among patients with asthma and 29.6% (95% CI: 19.3-33.9%)
among patients with COPD [130]. In line with this meta-analysis, recent epidemiological
studies confirm that ACO is a common disease in primary care [131,132]. These epidemio-
logical data highlight the clinical importance of evaluating whether patients with airflow
limitation have the features of both COPD and asthma and if patients with COPD concur-
rently have components of asthma in primary care. Thus, further studies are required to
detect the features of asthma among patients with COPD using novel biomarkers.

One biological aspect which was not described here is genetics. Genome-wide associa-
tion studies in non-Hispanic whites and African-American populations (n = 3120 in COPD;
450 in ACO) indicated that the most significant single nucleotide polymorphisms (SNPs)
were in or near GPR65 on chromosome 14 [133]. GPP65 encodes the chief acid-sensing
receptor, G protein-coupled receptor 65 (GPR65), which increased the cellular viability
of eosinophils in allergic airway inflammatory settings in mice [134]. Interestingly, the
GWAS study for ACO and COPD failed to identify known asthma-associated genetic loci
such as ORMDL3, IL1RLI and IL4R [135], indicating that ACO was not just an overlapping
condition of asthma and COPD but was associated with a specific genetic background
independent of asthma or COPD.

Another aspect of ACO is associated with redox imbalance. Our group has recently
reported a key role of oxidative and nitrosative stress in the pathogenesis of ACO. We
reported that excessive nitrosative stress and lower antioxidant capability were observed in
neutrophils and macrophages collected from the airways of patients with ACO [136]. This
redox imbalance was associated with increases in IL-8, monocyte chemotactic protein-1
(MCP-1), tumor necrosis factor (TNF)-o in induced sputum and with a prospective clinical
course of higher frequency of exacerbation and more rapid decline of FEV1 in ACO subjects
compared to asthmatics [136]. These current data on the role of oxidative and nitrosative
stress in ACO development may have clinical implications and provide novel insights for
therapeutic strategies [137]. Future basic and translational research to define the molecular
and cellular phenotypes of ACO differentiating from COPD are needed.

There are several limitations in this review. First, the number of patients included
in the selected studies was relatively small. Second, diagnosis of asthma was not unified
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over the selected studies. Third, the selected studies were not randomized control trials.
Finally, we did not examine publication bias. These suggest that the risk of selection and
performance bias is high in this review. This may be due to the limited studies available
regarding ACO diagnosis. Future studies are required to reduce bias and to more precisely
define ACO pathogenesis.

5. Conclusions

This review demonstrates the current clinical features and diagnostic markers that
enable the differentiation of ACO from COPD and discusses possible future directions that
should be addressed. In conclusion, a combination of biomarkers such as FeNO and IgE is
useful for ACO diagnosis to reduce airway infections in patients with COPD.
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Abstract: Although eosinophilic inflammation is characteristic of asthma pathogenesis, neutrophilic
inflammation is also marked, and eosinophils and neutrophils can coexist in some cases. Based on the
proportion of sputum cell differentiation, asthma is classified into eosinophilic asthma, neutrophilic
asthma, neutrophilic and eosinophilic asthma, and paucigranulocytic asthma. Classification by
bronchoalveolar lavage is also performed. Eosinophilic asthma accounts for most severe asthma
cases, but neutrophilic asthma or a mixture of the two types can also present a severe phenotype.
Biomarkers for the diagnosis of neutrophilic asthma include sputum neutrophils, blood neutrophils,
chitinase-3-like protein, and hydrogen sulfide in sputum and serum. Thymic stromal lymphoprotein
(TSLP)/T-helper 17 pathways, bacterial colonization/microbiome, neutrophil extracellular traps,
and activation of nucleotide-binding oligomerization domain-like receptor family, pyrin domain-
containing 3 pathways are involved in the pathophysiology of neutrophilic asthma and coexistence
of obesity, gastroesophageal reflux disease, and habitual cigarette smoking have been associated with
its pathogenesis. Thus, targeting neutrophilic asthma is important. Smoking cessation, neutrophil-
targeting treatments, and biologics have been tested as treatments for severe asthma, but most clinical
studies have not focused on neutrophilic asthma. Phosphodiesterase inhibitors, anti-TSLP antibodies,
azithromycin, and anti-cholinergic agents are promising drugs for neutrophilic asthma. However,
clinical research targeting neutrophilic inflammation is required to elucidate the optimal treatment.

Keywords: asthma; biomarkers; biologics; eosinophils; inflammation; neutrophils; treatment

1. Introduction

Asthma is a common chronic airway disease that affects about 350 million people
worldwide and varies in prevalence from country to country. In Japan, the prevalence
is 9-10% and the number of patients with asthma was 1,177,000 in 2014 [1,2]. Diagnosis
of asthma is based on a history or current symptoms, such as chest tightness, wheezing,
dyspnea, and cough, together with variable expiratory airway limitation assessed by peak
expiratory flow or spirometry. Chronic airway inflammation is an important feature of
asthma and is characterized by the presence of eosinophils, basophils, mast cells, neu-
trophils, T helper 2 (Th2) cells, type 2 innate lymphoid cells (ILC2), CD8* T cells, B cells,
and dendritic cells [3-5]. In the Japanese Guidelines for Adult Asthma, a diagnosis is based
on: (I) repetitive symptoms, such as paroxysmal dyspnea, wheezing, chest tightness, and
cough; (II) reversible airflow limitation; (III) airway hyper-responsiveness; (IV) airway
inflammation; (V) an atopic state; and (VI) exclusion of other cardiopulmonary disease [2].

Asthma is a heterogenous airway disease, and since the 2000s, cluster analyses have
identified several phenotypes [6-8]. The common phenotypes are allergic asthma; non-
allergic asthma; adult-onset (late-onset) asthma; asthma with persistent airflow limitation,
and asthma with obesity [9]. The Severe Asthma Research Program (SARP) identified
five phenotypes in patients with severe and non-severe asthma [10]. Kuo et al. found
three transcriptome-associated clusters (TACs) in patients with asthma. TAC1 is charac-
terized by immune receptors and a sputum eosinophil increase, TAC2 is characterized by
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interferon-, tumor necrosis factor-, and inflammasome-associated genes and a sputum neu-
trophil increase, and TAC3 is characterized by genes associated with metabolic pathways,
ubiquitination, and mitochondrial function, with no sputum increase [11].

Neutrophils are the most abundant cells in peripheral blood and are stored in pul-
monary capillary beds [12]. These cells play important roles in the innate immune system
by killing microbes, phagocytosis, granule release, and formation of neutrophil extracellular
traps (NETs). The role of neutrophils in asthma has been studied, but there is much debate
about the presence of neutrophilic asthma [13-16]. Since glucocorticoids enhance the sur-
vival of neutrophils, which constitutively express glucocorticoid receptor  (GRf) [17,18],
the elevation of neutrophil levels in the asthmatic airway is thought to be a consequence
of corticosteroid treatment. However, neutrophils are also observed in steroid-naive pa-
tients with asthma [19-22] and several studies have found evidence that neutrophilic
inflammation is associated with severe asthma and with asthma exacerbation [23,24]. A
cluster analysis has shown that sputum neutrophil counts were associated with more
severe phenotypes [25]. Recently, Minchem et al. reviewed the pathology of chronic lung
diseases, including asthma [26]. They described the heterogeneity of neutrophils and
their interactions with several immune and structural cells, identifying anti-inflammatory,
pro-resolving, and pro-repair functions via direct cell-to-cell communication as well as
via soluble mediators [26]. Neutrophils also connect with other cells via exosomes and
extracellular vesicles [27]. In chronic lung diseases, an overabundance of neutrophils may
exacerbate inflammation and remodeling [26]. Therefore, neutrophilic inflammation is
involved in the heterogeneity of asthma, and neutrophil-targeted treatment may be im-
portant for severe asthma. The pathogenesis, definition, and biomarkers of neutrophilic
asthma and potential therapy for neutrophilic asthma are discussed in this review.

2. Definition of Neutrophilic Asthma

The phenotype of asthma is generally categorized by the cell profile of induced sputum.
In a healthy person, this profile has 0.4 & 0.9% eosinophils and 37.5 & 20.5% neutrophils,
with means plus 25D and 90th percentiles of 2.2% and 1.1% for eosinophils, and 77.7%
and 64.4% for neutrophils, respectively [28]. Eosinophilic asthma is defined as an increase
in eosinophils to above 2% or 3% and neutrophilic asthma as an increase in neutrophils
to above 60% or 76% in induced sputum [29]. Paucigranulocytic asthma is defined as
neutrophils < 76% and eosinophils < 3%, and conversely, mixed granulocytic asthma is
defined as neutrophils > 76% and eosinophils > 3% [30]. However, there is still no clear
definition of neutrophilic asthma [13]. In children, neutrophil-predominant severe asthma
is defined using a cut-off of >5% neutrophils in bronchial lavage fluid [31]. Alternative
methods, such as nasal wash or nasal lavage, have also been used to evaluate neutrophilic
asthma or non-eosinophilic asthma [32].

3. Association of Eosinophils and Neutrophils

Coexistence of neutrophils and eosinophils occurs in severe asthma [10,33,34], and
recent studies have shown that patients with asthma with a mixture of neutrophilic and
eosinophilic inflammation had accelerated decline of respiratory function [35-37]. In
studies of the coexistence mechanism, Nagata et al. found that activation of neutrophils
may induce migration of eosinophils through the basement membrane via interleukin-8
(IL-8) [38], and that leukotriene B4 (LTB4)-activated neutrophils which induced eosinophil
migration and Toll-like receptor 4 (TLR4) expression on neutrophils may be involved in
this mechanism [36,39]. Theophylline attenuates trans-basement membrane migration of
eosinophils in vitro by suppressing superoxide anion generation [40]. Lavinskinene et al.
showed that the sputum neutrophil counts after bronchial allergen challenge were related
to peripheral blood neutrophil chemotaxis in patients with asthma [41].

42



Diagnostics 2022, 12, 1175

4. Pathogenesis of Asthma
4.1. TSLP

Thymic stromal lymphopoietin (TSLP) is secreted from a variety of cells, including
basophils, mast cells, and airway epithelial cells [42]. In the human airway, airway ep-
ithelial cells secrete TSLP by recognition of allergens, viruses, pollutants and cigarette
smoke, bacteria, and other external stimuli by pattern recognition receptors (PRPs) [43].
TSLP triggers allergic/eosinophilic and non-allergic/eosinophilic inflammation [44,45],
and is also involved in neutrophilic inflammation in asthma. TSLP and TLR3 ligands
promote conversion of naive T cells to Th17 cells [46] and subsequently induce neutrophil
recruitment via IL-8 and GM-CSF from airway epithelial cells [47]. TSLP polymorphism
may also be related to allergic disease and eosinophilia in patients with asthma [48].

4.2. IL-17

IL-17 is a key cytokine in neutrophilic asthma. IL-17 and IL-17A are produced by
Th17 cells and ILC3 cells, and may stimulate epithelial cells and fibroblasts and induce
neutrophil activation and migration via IL-6, IL-8, and tumor necrosis factor-« (TNF-o).
IL-17 induces glucocorticoid receptor (GR) 3 on epithelial cells in patients with asthma [49].
This may be related to glucocorticoid insensitivity in neutrophilic asthma. IL-17 induces
eotaxin expression in human airway smooth muscle (HASM) cells [50], which may be
linked to mixed neutrophilic and eosinophilic inflammation in asthma. IL-17 is increased
in bronchial biopsy in severe asthma [51] and in sputum from patients with moderate-to-
severe asthma [52]. Bulles et al. showed that the IL17 mRNA level correlated with the IL8
mRNA level and with CD3 gamma cell and neutrophil counts, which suggested a link
between IL-17 and neutrophilic inflammation [52]. IL-17 also enhances IL-1p-mediated
IL-8 release from HASM cells [53], and the IL-17/Th17 axis is involved in microbiomes in
the development of asthma [54].

4.3. Bacterial Colonization and Microbiome in the Airway in Neutrophilic Asthma

The intestinal and respiratory microbiomes are both thought to be associated with
the pathogenesis of asthma [55]. In patients with neutrophilic asthma, 50% of patients
have bacterial infection based on bronchoalveolar lavage [56], and at the time of asthma
exacerbation, 87.8% of patients have bacteria in sputum, with neutrophils > 65% [13].
Recent studies have shown that bacterial microbiome profiles in the airway were associated
with neutrophil inflammation in asthma [57-59] and that the Th17/IL-17 axis was involved
in this process [60,61]. Microbiome-derived cluster analysis of sputum in severe asthma
showed two distinct phenotypes: cluster 1 had less-severe asthma and commensal bacterial
profile, and higher bacterial richness and diversity; cluster 2 had more severe asthma with
a reduced commensal bacterial profile, clear deficiency of several bacterial species, and
neutrophilic inflammation [57]. The intestinal microbiome has also been linked to the
development of asthma, but its relationship with neutrophilic inflammation in asthma
is unclear [62].

4.4. Obesity

Obesity increases the risk of asthma development [63-66], worsens asthma control
and severity [8,67], increases hospitalization [68], and reduces responses to inhaled cor-
ticosteroids (ICS) alone or in conjunction with a long-acting 32 agonist (LABA) [68-70].
In cluster analyses, obesity-related asthma has been grouped into non-Th2 asthma, with
later onset, female preponderance, and severe symptoms [7,8,10]. Obesity is associated
with inflammatory adipokines including leptin, resistin, lipocain 2, IL-6, TNF-«, IL-1f3, and
IEN-y [71-75]. These mediators induce airway inflammation. In a mouse obese asthma
model, ILC3 stimulated by IL-1§3, IL-6, or IL-23 produced IL-17A [76]. IL-17A alone or
in combination with TNF-o has been shown to induce IL-8 production from epithelial
cells [77], and cigarette smoke can also enhance IL-17A-induced IL-8 and IL-6 produc-
tion [78-81]. IL-6 and IL-8 recruit and activate neutrophils in an asthmatic airway [41,81].
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In obese patients with asthma, IL-17 is associated with steroid resistance by dysregulation
of GRoe and GRf [82], while in human bronchial epithelial cells, IL-17A induces glucocorti-
coid insensitivity [83]. Insulin resistance and vitamin D deficiency related to obesity may
aggravate airway remodeling and hyper-responsiveness by enhancing leptin, transforming
growth factor (TGF)-f1, IL-1p3, and IL-6 expression [84-87], which might then promote
neutrophilic inflammation.

4.5. NETs and NETosis

Neutrophil extracellular traps (NETs) were first described by Brinkmann et al. [88].
Neutrophils stimulated by bacteria or inflammatory mediators, such as IL-8, platelet acti-
vating factor, and lipopolysaccharide (LPS), release NETs that include neutrophil elastase,
cathepsin G, myeloperoxidase, defensins, lactoferrin, histones, pentraxin 3, reactive oxygen
species (ROS), and DNA to captivate and kill bacteria [89]. NETosis is an active form of
neutrophil death related to NETs formation [88]. Several studies have related NETs to the
pathogenesis of autoimmune disease, cancer, and atherosclerosis [90,91]; dysregulation
of NETs may also result in asthma pathobiology, although the mechanisms associated
with NETs are not fully understood. In a mouse model, allergen exposure with endotoxin
induced NETosis [92]. In severe neutrophilic asthma, Krishnamoorthy et al. determined
that cytoplasts and neutrophils positively correlated with IL-17 levels in the bronchoalve-
olar fluid [92]. The sputum extracellular DNA (eDNA) level has been correlated with
expressions of IL-8, IL-13, and NLRP3 [93], and Lachowicz-Scroggins et al. found that high
extracellular DNA (eDNA) in sputum was associated with poor asthma control, mucus
hypersecretion, and oral steroid use in patients with asthma [94]. The same group also
showed that the eDNA level was correlated with neutrophil inflammation, NET compo-
nents, caspase-1 activity, and IL-1f3. In vitro, epithelial damage caused by NETs has been
prevented by DNase [94]. These studies indicate that NETs and eDNA are related to severe
neutrophilic asthma.

4.6. NLRP3 Inflammasome and Asthma

Nucleotide-binding oligomerization domain-like receptor family pyrin domain-containing
(NLRP) inflammasomes are a critical component of the innate immune system and they
play an important role in activation of inflammation. NLRP3, an NLR family PRP, re-
sponds to pathogen-associated molecule patterns (PAMPs) or danger (damage)-associated
molecular patterns (DAMPs). Activation of NLRP3 inflammasomes is mediated by two
signals: the priming signal triggered by PAMPs, DAMPs, IL-1§3, and TNF-«; the second
(activation) signal mediated by extracellular ATP, RNA viruses, particulate matter, ionic
flux, ROS, mitochondrial dysfunction, and lysosomal damage. Upon activation of NLRP3
inflammasomes, IL-13 and IL-18 are secreted [95,96]. Dysregulation of NLRP3 inflamma-
some activation is related to Alzheimer’s disease [97], Parkinson’s disease [98], diabetes
mellitus, atherosclerosis [99], and pulmonary inflammatory disorders, including lung fibro-
sis [100], acute exacerbation of interstitial pneumonia [101], sarcoidosis [102], asbestosis,
and silicosis [103]. Since human lungs are exposed to many endogenous and exogenous
noxious stimuli, including viruses, bacteria, cigarette smoke, and particulate matter, the
innate immune response in the airway via NLRP3 inflammasomes is important. However,
excess or persistent activation of NLRP3 inflammasomes by allergens or irritants has been
shown to induce persistent inflammation and tissue damage in the airway of patients with
asthma [104,105]. In these patients, the sputum NLRP3 level was increased and was corre-
lated with neutrophilic airway inflammation [106,107]. NLRP3 expression has also been
shown to be increased in obese patients with asthma [108]. Kim et al. found that a high-fat
diet induced airway hyper-reactivity and increased NLRP3, IL17A, and IL1B mRNA in
an obese mouse model [76], suggesting that obesity-induced airway hypersensitivity is
mediated by NLRP3 inflammasomes that are activated by fatty acids or cholesterol crystals
from macrophages in adipose tissue or in the lungs [76]. In other experimental models,
NLPR3 and apoptosis-associated speck-like protein containing CARD (ASC)-deficient mice
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exhibited reduced airway inflammation [109]. Ovalbumin (OVA) mouse models with
alum [110], LPS, Aspergillus fumigatus [111], Chlamydia muridarum, or Haemophilus influen-
zae infection also have been shown to have increased NLRP3 [106]. In this latter model,
neutrophil depletion suppressed IL-13-induced airway hyper-responsiveness.

4.7. S100A8/A9, HMGB-1, RAGE, and TLR4

The S100A8/ A9 complex belongs to the Ca?*-binding $100 protein family and is a
DAMP protein complex expressed in neutrophils, monocytes, and macrophages [112,113].
High mobility group box 1 (HMGB-1), which is also a DAMP protein, a non-histone,
chromatin-associated nuclear protein is released from necrotic, inflammatory, macrophage,
dendritic, natural killer, and resident cells (epithelial cells, smooth muscle cells, and fi-
broblasts) [114-117]. TNF-«, IL-13, and IFN-y induce HMBG-1 release from activated
macrophages [118,119]. HMBG-1 and S100A8/S100A9 bind to two types of receptors:
the receptor for advanced glycation end products (RAGE) and TLR-4. RAGE is ex-
pressed on lung [120], skeletal muscle, heart, liver, kidney [121], lung epithelial, and
immune cells [122-126]. Perkins et al. showed that knockout of RAGE abolished type 2
cytokine-induced airway inflammation and mucus hyperplasia in a mouse model [127].
Oczypok et al. reported that RAGE induced asthma/allergic airway inflammation by pro-
moting IL-33 expression, and that ILC2 accumulation was critical in the pathogenesis of
asthma in a mouse model [128].

TLR4 is also expressed on B cells [129], T cells [130], monocytes, macrophages [131],
and neutrophils [132]. SI00A8/A9 and HMGB-1 might be involved in the pathobiology of
remodeling in asthma by promoting inflammation and tissue repair in the airway [117].
In a mouse model, blocking HMGB-1 and TLR-4 attenuated disonoyl phthalate-induced
asthma [133]. HMGB-1 is increased in OVA-induced asthma [134]. In patients with asthma,
the sputum HMGB-1 level is increased and inversely correlated with the percentage pre-
dicted forced expiratory volume in 1 s (%FEV1) and FEV1/forced vital capacity (FVC)
ratio. The HMGB-1 level is also associated with the severity of asthma and neutrophils
in sputum [135,136]. An endogenous form of RAGE (esRAGE), which is a decoy receptor
for AGE, was elevated in sputum from a patient with asthma; however, the esRAGE level
was not associated with asthma severity [135], in contrast to the RAGE level [136]. Since
HMGB-1 stimulates TNF-«, IL-6, and IL-8 production from monocytes [137,138], it might
be a key player in inducing neutrophilic asthma. Recent studies have shown that a soluble
form of RAGE prevents Th17-mediated neutrophilic asthma by blocking HMBG1/RAGE
signaling in a mouse model [139]. In patients with neutrophilic asthma, decreased sSRAGE
was associated with asthma severity [140], and a recent study showed that sSRAGE was
associated with low eosinophil count and IgE in children with asthma [141]. RAGE has
been linked to cigarette-smoke-induced neutrophilic inflammation and airway hyper-
responsiveness in a mouse model, but TLR4, another receptor for HMGB-1 and S100A8/A,
was not involved [142]. Furthermore, AGER (which encodes RAGE) expression, rather than
TLR4 expression, was significantly correlated with the sputum neutrophil count and airway
hyper-responsiveness in patients with chronic obstructive pulmonary disease (COPD) [142].
Therefore, HMGB-1 and sRAGE might be biomarkers for neutrophilic asthma.

4.8. House Dust Mites and Neutrophilic Asthma

House dust mites (HDMs) are the most important allergen for the development and
worsening of allergic asthma, with 90% of cases of pediatric asthma sensitized to HDMs.
Many studies of allergic and eosinophilic asthma have been conducted using a mouse
model sensitized to HDMs, and several recent studies have described neutrophilic or
mixed-granulocytic asthma models. Menson et al. reported a novel BALB/ ¢ female mouse
model using Mycobacterium tuberculosis extract, complete Freund’s adjuvant, and HDM,
in which the bronchial alveolar lavage fluid (BALF) contained 80% neutrophils and 10%
eosinophils [143]. Mack et al. described an old (9 months) C57BL/6 female mouse model
sensitized to HDMs that showed elevated neutrophils in BALF as compared with young
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(3 months) mice, as a model of adult-onset asthma [144]. Sadamatsu et al. found that a high-
fat diet induced elevated neutrophils in BALF in an HDM-sensitized mouse model [145].
Neutrophil counts in the sputum of patients with chronic neutrophilic asthma have been
shown to be correlated with the serum HDM-specific IgG levels, and these patients have
HDM-derived enolase in their serum [146]. In the same study, HDM-derived enolase was
shown to induce epithelial barrier disintegration and neutrophilic inflammation in a mouse
model [146]. Blockade of leukotriene B4 receptor 1 (BLT1)/BLT2 by antagonists can reduce
neutrophil infiltration based on findings in an HDM- and LPS-induced mouse asthma
model [147]. IL-1 was found to be required to promote neutrophilic inflammation in
an HDM-sensitized and viral-exacerbated model, using double-stranded RNA to mimic
rhinovirus [148]. In contrast, Patel et al. found neutrophil depletion in an HDM allergic air-
way disease mouse, with this depletion enhancing Th2 inflammation by inducing G-colony
stimulating factor-induced ILC2 activation and cytokine production [149].

4.9. Electric, Heat-Not-Burn Cigarettes, and Combustible Cigarettes

Almost one-quarter of patients with adult asthma are thought to have smoking habits.
Several studies have also shown that the efficacy of ICS is reduced in patients with asthma
who are exposed to smoking [150-152]. Passive smoking in a family increases the use of
drugs for pediatric asthma [153]. E-cigarette or electric cigarette (vapor) exposure induces
neutrophil protease, matrix metalloproteinase-2 (MMP-2), and MMP-9 in healthy sub-
jects [154]. Schweitzer et al. showed that e-cigarette use was independently associated with
asthma in adolescents [155]. A study from Korea also showed an association of e-cigarette
use with asthma diagnosis and absence from school due to asthma [156]. E-cigarette liquid
has been shown to induce IL-6 production from human epithelial cells and addition of
nicotine further increased IL-6 production [157], while electronic nicotine delivery systems
using aerosols also induced IL-6 and IL-8 secretion [158].

A 2015 internet survey showed that the use of heat-not-burn (HNB) cigarettes among
patients with asthma was 0.0% in Japan [159]. The first HNB cigarette, IQOS, was released
in 2014 in Japan, and the harmfulness of HNB cigarettes to asthma remains uncertain. How-
ever, HNB cigarettes contain nicotine and many other toxins [160,161], as well as particulate
matter [162], and thus, may worsen asthma control by inducing neutrophilic inflammation.
Further studies are needed to examine how HNB cigarettes affect asthma pathogenesis
and neutrophilic inflammation [80]. In patients with mild asthma, combustible cigarette
smoking increases neutrophil counts, and IL-17A, IL-6, and IL-8 levels [80]. Exposure
of human epithelial cells to cigarette smoke extracts, IL-17A, and aeroallergens has been
shown to induce IL-6 and IL-8 production, which may be associated with the neutrophil
accumulation in asthmatic airways [80]. In a rat model, the late asthmatic response to OVA
increased with cigarette smoke (CS) exposure as compared with no exposure. ICS decreased
eosinophil and lymphocyte accumulation with and without CS exposure but did not de-
crease neutrophil accumulation with CS exposure [163]. Quitting smoking and avoiding
environmental smoking can resolve neutrophil inflammation in patients with asthma who
smoke. A combination of pharmacotherapy using bupropion and varenicline with coun-
seling was most effective for smoking cessation [164]. Smoking cessation-support therapy
using a smartphone application has recently been covered by insurance in Japan [165].

4.10. Air Pollution

Relationships of air pollution with asthma development or exacerbation have been
reported for several years. Examples of outdoor or indoor pollution include diesel exhaust,
foreign workplace matter, ozone, nitrogen dioxide, sulfur dioxide, second-hand smoke,
heating sources, cooking smoke, and molds [166-168]. These pollutants induce asthma
exacerbation through oxidative stress and damage, airway remodeling, inflammatory
pathways, immunological responses, and enhancement of airway sensitivity [166,168]. Par-
ticulate matter induces Th2 and Th17 inflammation in allergic conditions and this induces
eosinophilic and neutrophilic inflammation in asthma [169-172]. In an in vivo study, ozone
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exposure induced IL-8 secretion from epithelial cells [173], which was related to neutrophil
accumulation in the airway after exposure to ozone in patients with asthma [174].

4.11. Gastroesophageal Reflux Disease

Gastroesophageal reflux disease (GERD) is a common comorbidity in asthma, and the
severity of asthma is increased when complicated with GERD [175]. In the SARP study, a
subgroup of patients with asthma defined as having a low pH in exhaled breath condensate
had a high body mass index (BMI) and high neutrophilic airway inflammation, and had
GERD as a complication [176]. GERD is often accompanied by mixed eosinophilic and
neutrophilic inflammation (reviewed in [177]). Simpson et al. found that patients with
neutrophilic asthma had a high prevalence of rhinosinusitis and symptoms of GERD as
compared with patients with eosinophilic asthma [178]. The mechanism through which
GERD induces or enhances airway inflammation in asthma has not been determined, but
GERD is associated with obesity [179], which may lead to neutrophilic inflammation, as
mentioned above. The triangle of inflammation, obesity, and GERD with sleep disordered
breathing syndrome is important in children with asthma [180].

Figure 1 shows the pathology of neutrophilic asthma (Figure 1).

Pathogenesis of neutrophilic asthma
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Figure 1. Pathogenesis of neutrophilic asthma. Several cells, including airway epithelial cells,
macrophages, T helper (Th) cells, innate helper 3 cells (ILC3), airway smooth muscle cells (ASMCs),
and neutrophils play important roles in the pathogenesis of neutrophilic asthma. Airway epithelial
cells, stimulated by air pollution, cigarette smoke, bacterial colonization, virus, and allergens, secrete
TSLP, IL-33, and IL-25. TSLP secreted from epithelial cells and inflammatory cells converts ThO
to Th17 cells and subsequently induced neutrophil recruitment via IL-8 and GM-CSF, induced by
IL-17 from airway epithelial cells. The IL-17/Th17 axis is involved in bacterial colonization and
microbiome associated neutrophilic inflammation in asthma. Obesity and GERD are related to severe,
neutrophilic asthma and the IL-17/Th17 axis is involved in these conditions. Neutrophil extracellular
trap (NETs) formation, damage-associated molecular patterns (DAMPs), and NLPR3 inflammasome
are also involved in the pathogenesis of neutrophil asthma.
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5. Biomarkers of Neutrophilic Asthma

Non-type 2 subtypes of asthma, including neutrophilic and paucigranulocytic asthma,
are difficult to diagnose because of a lack of appropriate biomarkers. However, recent
studies have suggested promising diagnostic biomarkers for neutrophilic asthma (Table 1).

Table 1. Possible biomarkers for neutrophilic asthma.

Biomarker Sample Definition Significance Refs.
Not established, but serum YKL—%IO 1s.released from ne?utrophll
YKL-40 > 60.94 ng /mL showed and epithelial cells, YKL-40 is released
YKL-40 Serum, sputum . . AN/ M- from neutrophils and epithelial cells [181-183]
impaired lung function and .
. . . Serum YKL-40 correlates with sputum
require corticosteroid .
neutrophil counts
Sputum H;S correlates with the
Hydrogen Serum, exhaled . degree of airflow limitation
sulfide (H,S) breath, sputum Not established Serum/sputum HjS predicts [184-186]
asthma exacerbation
. Sputum MPO correlates with sputum
MPO Sputum Not established YKL-40 and neutrophils [23,187]
. o o Associated with chronic airway
Neutrophil Serum, sputum Sputum > 60% or 76% obstruction, annual decline of FEV1 [188,189]
miR-199a-5p, miR142-3p, miR233-3p,
. Sputum, serum, . and miR629-3p are increased in
MicroRNA and plasma Not established neutrophilic asthmamiR299a -5p is [190,191]

negatively correlated with FEV1

5.1. YKL40

Chitinase-3-like protein (YKL-40) is a human glycoprotein that is released from several
cell types, including neutrophils, macrophages, and epithelial cells. YKL-40 is involved
in the pathogenesis of many diseases, including rheumatoid arthritis [192], multiple scle-
rosis [193], chronic obstructive lung disease [194,195], Alzheimer’s disease [196], and
asthma [181,197]. Serum YKL-40 levels are related to asthma severity, while lung YKL-
40 levels are correlated with airway remodeling [181,182]. In the multicenter BIOAIR
study, the serum YKL-40 level was negatively correlated with lung function (FEV1% pre-
dicted, FVC, and FEV1/FVQC), but not with fraction of exhaled nitric oxide or blood and
sputum eosinophil and neutrophil counts [182]. Cluster analyses have shown that high
serum YKL-40 levels were associated with neutrophilic asthma and paucigranulocytic
asthma [183] and that patients with high serum YKL-40 had severe airflow obstruction
and near fatal or frequent exacerbation [183]. The serum YKL-40 level has been shown to
be positively correlated with blood neutrophils, IL-6, and sputum IL-1{ [119], while the
sputum YKL-40 level has been shown to be strongly correlated with neutrophilic asthma
and sputum myeloperoxidase, and was associated with sputum IL-8 and soluble IL-6
receptor levels [187]. Therefore, serum and sputum YKL-40 levels are useful biomarkers
for neutrophilic asthma.

5.2. Hydrogen Sulfide

Nitric oxide is a biomarker of type 2 inflammation and carbon monoxide is a partial
biomarker of asthma severity [198,199]. Hydrogen sulfide (H,S) is the third biomarker in
breath, and sputum H,S is a novel biomarker of neutrophilic asthma. Sputum Hj;S levels are
correlated with neutrophils in sputum and airflow limitation [184-186], and the sputum-to-
serum HjS ratio predicts the risk of asthma exacerbation [186]. Therefore, sputum HyS is a
diagnostic marker for neutrophilic asthma and a predictor of exacerbation when combined
with serum H;S. These biomarkers are also elevated in asthma-COPD overlap [200].
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5.3. Myeloperoxidase

Myeloperoxidase (MPO) is a marker of neutrophil activation. Serum MPO has been
shown to be elevated in ANCA-associated vasculitis, including microscopic polyangiitis
and eosinophilic granulomatous polyangiitis, while sputum MPO has been shown to
correlate positively with sputum YKL-40 levels [187] and sputum neutrophils [23]. Thus,
sputum MPO is a useful biomarker for neutrophilic asthma, whereas elevation of serum
MPO is thought to be a marker for small vessel vasculitis.

5.4. Blood Neutrophil Count

The peripheral blood neutrophil count is not appropriate as a surrogate marker for
neutrophilic asthma defined based on sputum cell differentiation [201-203]. However,
neutrophilia has been shown to be associated with chronic airway obstruction [189] and
an annual decline in FEV1 [188]. The sputum neutrophil count after bronchial allergen
challenge has been shown to be related to peripheral blood neutrophil chemotaxis in
patients with asthma [41].

5.5. MicroRNA

Several studies have shown that microRNAs (miRNAs) are biomarkers for asthma.
Panganiban et al. found upregulation of miRNA-1248 in patients with asthma [204] and also
showed that miRNAs in serum could be used to phenotype asthma [205]. Huang et al. re-
vealed that miR-199a-5p in sputum and plasma was increased in neutrophilic asthma [190]
and showed that levels of miRNA-199a-5p secreted from human LPS-stimulated peripheral
neutrophils were inversely correlated with FEV1 [190]. A genome-wide analysis of miR-
NAs in sputum from patients with asthma showed that sa-miR-223-3p was expressed in
neutrophils and was associated with neutrophil counts in response to ozone exposure [206].
Maes et al. showed that miR-223-3p, miR-142-3p, and miR-629-3p were upregulated in
severe, neutrophilic asthma [191]. Therefore, several miRNAs are biomarkers for diagnosis
of neutrophilic asthma, and they are also considered to be therapeutic targets [207,208].

6. Airway Remodeling in Neutrophilic Asthma

Airway remodeling in asthma is caused by chronic airway inflammation and is a
characteristic feature of chronic asthma. The pathological changes in airway remodeling
involve mucous metaplasia, thickening of the reticular basement membrane, increases of
goblet cells and mucus hypersecretion, shedding of epithelial cells, submucosal infiltration
of inflammatory cells, extracellular matrix deposition, airway smooth muscle (ASM) cell
hyperplasia, and hypertrophy. Neutrophilic asthma and airway remodeling are not fully
understood, but several studies have shown that inflammatory mediators, such as LTB4,
IL-6, IL-8, and TNF-«, which are related to neutrophilic inflammation, were elevated in
an asthmatic airway. Several of these mediators and cytokines have also been shown to
be elevated in neutrophilic asthma, of which LTB4, IL-8, TNF-«, IL-17, and IL-6 may be
related to airway remodeling. Figure 2 shows neutrophilic inflammation-associated airway
remodeling in asthma (Figure 2).
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Airway remodeling in asthma related to neutrophilic inflammation
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Figure 2. Airway remodeling in asthma related to neutrophilic inflammation. Airway remodeling

ASMCs proliferation

in asthma is a characteristic feature of chronic asthma. LTB4, IL-8, LTB4, and TNF-« are elevated in
an asthmatic airway and are related to airway remodeling. LTB4, IL-8, and TNF-« induce airway
smooth muscle cell proliferation and migration. IL-8 and IL-17 upregulate MUC5A and MUC5B
expression in epithelial cells. Abbreviations: IL, interleukin; LTB4, leukotriene B4, TNF-o; Tumor
necrosis factor «, BLT1/2: leukotriene B4 receptor 1/2, IL-17R: IL-17 receptor, TNFR: TNF receptor,
ASMCs: airway smooth muscle cells.

6.1. Leukotriene B4

In severe asthma, leukotriene B4 (LTB4) is increased in sputum, BALF, exhaled breath
condensate, urine, and arterial blood [209]. LTB4 is a chemoattractant mediator of neu-
trophils [210] and has been found to recruit eosinophils in a guinea pig model [211,212].
The relationship between LTB4 and airway remodeling has not been fully studied, but
BLT1 and BLT?2 are expressed on HASM cells. LTB4 has been shown to induce HASM cell
migration and proliferation in vitro [213]. Therefore, LTB4 might be involved in airway
remodeling in asthma.

6.2. IL-8

IL-8 is increased in sputum or BALF from patients with severe asthma and is inversely
correlated with %predicted FEV1 and sputum neutrophil counts [23,24,59,214-216]. A
recent study showed that IL-8 in BALF was the only cytokine that distinguished controlled
from uncontrolled asthma among 48 evaluated cytokines [216]. IL-8 has been shown to
induce HASM cell proliferation and migration [217-219], to stimulate mucin secretion [220],
and to upregulate MUC5A and MUCS5B in goblet cells [221]. YKL-40 has been shown
to induce IL-8 in bronchial epithelial cells and to cause HASM cell proliferation and
migration [222]. Therefore, IL-8 might be related to severe neutrophilic asthma and airway
remodeling in asthma.

6.3. TNF-a

TNF-« is a proinflammatory cytokine related to neutrophilic asthma. In vitro, TNF-&
induced airway smooth muscle migration and proliferation [223], extracellular matrix de-
position, subepithelial fibrosis, and inflammatory cytokine secretion [224,225]. In a mouse
model, TNF-« was involved in glucocorticoid insensitivity in neutrophilic inflammation
in asthma, which may induce chronic inflammation and lead to airway remodeling [226].
In vitro, miR874, which may be associated with the development of asthma, has been
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shown to inhibit TNF-a-induced IL-6, IL-8, collagen I, and collagen III production in
ASM cells [224].

6.4. IL-17A

IL-17A is an independent risk factor for severe asthma and is involved in obesity-
associated asthma and CS-related airway neutrophilia [82,163,227]. In a mouse model,
IL-17A induced type V collagen expression, TGFBI mRNA expression, and SMAD3 activa-
tion in airway epithelial cells [228]. In vitro, MUC5A and MUCS5B expressions have been
induced by IL-17A via IL-6 and NF-«B in epithelial cells [229-231]. IL-17A has also been
shown to be involved in the epithelia mesenchymal transition via expression of TGF-31
in airway epithelial cells [232]. In a mouse model, IL-17 was involved in airway smooth
muscle hyperplasia mediated by fibroblast growth factor 2 from airway epithelial cells,
and neutrophil elastase played an important role in this model [233,234]. In other mouse
models using OVA and LPS for exacerbation, anti-IL-17A antibody decreased extracellular
matrix deposition [235] and vascular remodeling [234]. Therefore, IL-17A comodulated
with TGF-f1 is involved in airway remodeling in asthma and is related to neutrophils [236].

6.5. Other Inflammatory Mediators and Cytokines

IL-1p3 has been shown to induce neutrophilic asthma and IL-33 expression in a mouse
model of asthma with viral infection exacerbation [148], and was a key cytokine in induction
of airway smooth muscle hypersensitivity [237]. IL-13 alone or with TNF superfamily
members has been observed to cause airway neutrophilic inflammation and remodeling in
an adult animal model [238,239]. Oncostatin M (OSM) is released from neutrophils and
induces epithelial barrier dysfunction [240]. In severe asthma, there are increases in OSM in
sputum and in OSM-positive neutrophils in biopsy specimens [241]. OSM is also increased
in patients with asthma with fixed airway obstruction [242]. Furthermore, MMP9 and
elastase may be involved in airway remodeling in asthma [243-245].

7. Treatment

Treatment with an ICS is a key approach for asthma, but corticosteroids are not
effective in neutrophilic asthma [246,247]. Treatment of asthma related to neutrophilic in-
flammation can be categorized into non-pharmacological approaches, nonspecific treatment
for neutrophil inflammation, treatment specific to neutrophils and neutrophil mediators,
and biologics (Table 2).

Table 2. Summary of treatment for asthma related to neutrophilic inflammation.

Non-Pharmacological Approach

Approach

Patient Population Outcomes Ref.

Yo tients with asth
ouNg patients with astma Improved asthma control and

Smoking cessation (19-40 years old), steroid-free, 17% . [248]
L flung function
neutrophilic asthma
. 18-75-year-old, obese patients with Improved asthma control, QOL,
Weight loss asthma (BMI > 35 kg/m?) lung function, and AHR [249]
Nonspecific treatment for
neutrophilic asthma
Therapy Patient population Outcomes Ref.
Macrolide (azithromycin, Non-eosinophilic or neutrophilic Reduced asthma exacerbation,
clarithromycin) severe asthma QOL, and lung function [250]
(18-75-year-old patients) !
PDE inhibitor Patients 18-70 years of age, Improved lung function and [251]
moderate-to-severe asthma asthma control
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Table 2. Cont.

Non-Pharmacological Approach

Approach Patient Population Outcomes Ref.
Adult symptomatic patients with Improved lung function 'and
. . . . asthma control, reduced risk of
Tiotropium asthma despite treatment with S [252]
. severe exacerbation, independent of
medium-dose ICS . .
type 2 inflammation
. . 6-17-year-old patients, Improved lupg function and. ACQ,
Tiotropium svmptomatic severe asthma reduced risk of exacerbation, [253]
ymp independent of type 2 inflammation
Specific treatment for neutrophil
and mediators
Severe asthma and sputum Fewer mild exacerbations and a
SCH527123/CXCR2 neutrophil > 403/) trend towards improvement in the [254]
P ? ACQ, but not statistically significant
Persistent asthma treated with Improved symptom score and
GSK2090915/FLAP SABA only reduced SABA use [255]
. Moderate-to-severe asthma treated
Zileuton/5-LO with low dose ICS Improved PEF and symptoms [256]
Biologics
Reduced rate of exacerbation,
L improved lung function, ACQ, and
Tezepelumab/TSLP Moderate-to-severe asthma AQLQ, regardless of type 2 [257]
inflammation
. Uncontrolled asthma with No improvement in FEV1 and
Golimumab /TNF-o high-dose ICS/LABA exacerbation [258]
Moderate-to-severe persistent No improvement in FEV1 and ACQ,
Etanercept/TNF-o asthma exacerbation, AHR, AQLQ [259]
Inadequately controlled .
Brodalumab /IL-17 receptor moderate-to-severe asthma treated No treatme(:)rll;cs;i;f]f:;ences were [260]
with high-dose ICS + LABA
Risankinumab /1L-23 Adult patients with severe asthma No imp rovement' in asthma [261]
exacerbation
No improvement in
Tocilizumab /IL-6 Mild asthma allergen-induced [262]

bronchoconstriction

7.1. Non-Pharmacological Approach

Smoking cessation may be the best way to reduce neutrophilic inflammation in neu-
trophilic asthma patients who smoke. In a clinical trial, smoking cessation in young
adults with asthma improved asthma control, but with persistent eosinophil counts
and little neutrophil reduction [248]. In this trial, 17% of the subjects had neutrophilic
asthma. Another clinical trial showed improvements in lung function and sputum neu-
trophil counts [151]. Weight loss by diet, exercise, diet with exercise, or surgical inter-
vention also improved asthma control, quality of life, lung function, and airway hyper-
responsiveness [249,263-266]. Thus, smoking cessation and weight loss are good ap-

proaches for patients with severe asthma, regardless of the inflammatory phenotype.

7.2. Nonspecific Treatment for Neutrophilic Inflammation
7.2.1. Macrolides
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effectiveness of clarithromycin has been shown in chronic stable asthma with Mycoplasma
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pneumoniae or Chlamydia pneumoniae mRNA in the airway [268]. The AMAZES study
showed the effectiveness of azithromycin for persistent uncontrolled asthma [269]. In
this study, 43% of the cases were eosinophilic, 11% neutrophilic, 30% paucigranulocytic,
and 4% mixed, based on sputum phenotyping. A subset analysis in the AMAZES study
showed that azithromycin was similarly effective for severe asthma in the cases with an
eosinophilic sputum phenotype [269]. The effect of azithromycin was correlated with the
abundance of Haemophiles influenzae colonization as assessed by quantitative polymerase
chain reaction [270]. In the AMAZES study, sputum TNFR1 and TNFR2 were increased
in neutrophilic asthma and azithromycin reduced sputum TNFR2 in non-eosinophilic
asthma, which may be related to the therapeutic mechanism [271]. The AZISAST study
showed a reduced rate of severe exacerbation by azithromycin in non-eosinophilic severe
asthma [272]; in a study in severe neutrophilic asthma, 8-week administration of this drug
improved quality of life and reduced airway IL-8 and neutrophils [250]. Therefore, long
term macrolide treatment is a promising therapy in severe asthma, particularly for the
neutrophil-dominant phenotype.

7.2.2. Phosphodiesterase Inhibitors

Roflumilast is an oral phosphodiesterase (PDE) inhibitor that has therapeutic effects
on COPD [273] and asthma-COPD overlap [274]. Several studies have shown the efficacy
of roflumilast alone [275,276] or in combination with a leukotriene receptor antagonist in
moderate-to-severe asthma [277]. Roflumilast attenuates both eosinophilic and neutrophilic
inflammation induced by allergens [251,278]. Inhaled PDE inhibitors have also been
examined in patients with asthma (reviewed in [279]): CH6001 showed inhibition of the
late asthmatic response induced by allergen exposure [280] and RPL554 (a PDE3 and PDE4
inhibitor) increased FEV1 in patients with asthma and reduced neutrophils and total cells in
sputum from healthy individuals [281]. Studies of PDE inhibitors focusing on neutrophilic
asthma are needed, but roflumilast and inhaled PDE4 inhibitors may be promising for
neutrophilic asthma [282].

7.2.3. Anticholinergics

Anticholinergics have been used for treatment of COPD and asthma. Long-acting
muscarinic antagonist (LAMAs) and short-acting muscarinic antagonists are both available
for treatment of asthma. LAMAs decreased eosinophils in sensitized mice [283,284], and
in an obstructive airway disease model in rat, tiotropium decreased neutrophil counts,
IL-1p and IL-6 in bronchoalveolar lavage [285]. In an in vitro study in human epithelial
cells, tiotropium reduced IL-8 production induced by IL-17A [286] or LPS [287]. In clinical
studies, tiotropium has been shown to be effective as an add-on therapy to ICS [288] or
ICS/LABA [289] in uncontrolled asthma, and Iwamoto et al. found that anti-cholinergics
were effective in non-eosinophilic asthma [290]. Tiotropium has been shown to be effective,
independent of type 2 inflammation in adults [252,291,292] and in children and adoles-
cents [253]. However, the efficacy of ICS or tiotropium was similar to that of a placebo in
patients with mild persistent asthma, including 73% with low eosinophilic asthma [293].

7.3. Specific Therapy for Neutrophils and Neutrophil Mediators
7.3.1. CXCR2 Antagonists

CXCR2 is a receptor for IL-8 that is expressed on neutrophils. A CXCR2 inhibitor,
SCH527123, reduced sputum neutrophils and exacerbation in severe asthma cases in a
4-week clinical trial [254]. Another CXCR2 antagonist, AZD5069, reduced neutrophils in
bronchial mucosa, sputum, and blood, but failed to reduce severe exacerbation [294,295].

7.3.2. 5-Lipoxygenase-Activating Protein Inhibitors and 5-Lipoxygenase Inhibitors

Five-lipoxygenase-activating protein (FLAP) and 5-lipoxygenase (5-LO) are required
for synthesis of LTB4. GSK2190915 is a FLAP inhibitor that has been evaluated for patients
with asthma in several studies [255,296,297]. In one study focused on neutrophilic asthma,
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a FLAP inhibitor suppressed sputum LTB4 and urine LTE4 levels, but failed to reduce
neutrophil counts in sputum and had no clinical effects on FEV1, PEF, and ACQ scores [296].
Zileuton is a 5-LO inhibitor that has also been evaluated in patients with asthma [256,298]
and has been shown to be effective in moderate-to-severe asthma based on improved PEF
and asthma symptoms [256]. A recent retrospective study showed no associations among
Th2-high or Th2-low phenotypes and a poor response rate to zileuton in association with
severe asthma and obesity [298].

7.4. Biologics

Several biological agents are currently available for patients with severe asthma. There
are six FDA-approved monoclonal antibodies (mAbs): omalizumab, which is anti-IgE
antibody; mepolizumab and reslizumab, which are anti-IL-5 antibodies; benralizumab,
which is an anti-IL-5 receptor « antibody; dupilumab, which is an anti-IL-4 receptor o
antibody; and tezepelumab, which is an anti-TSLP antibody. These biologics exhibited
clinical benefits for allergic/Th2-high asthma [299].

7.4.1. Targeting TSLP

Tezepelumab, a humanized mAb for TSLP, has been tested in a phase 2 clinical trial in
patients with moderate-to-severe asthma [300] and in a phase 3 clinical trial in patients with
severe asthma [257]. Tezepelumab reduced the rate of exacerbation and improved FEV1,
ACQ, and AQLQ scores, regardless of type 2 inflammation. Therefore, tezepelumab may be
effective for severe neutrophilic asthma. Biphasic antibodies for TSLP/IL-13 (zweimab and
doppelmab) have recently been developed [301] and may also be evaluated for treatment
of severe asthma with type 2, non-type 2, or neutrophilic inflammation.

7.4.2. Targeting TNF-«

Blocking of TNF-« by infliximab and golimumab, which are anti-TNF-a mAbs, and
etanercept, which is a recombinant TNF-« receptor, has been examined as treatment for
moderate and severe asthma [258,259,302-304]. In patients with severe and uncontrolled
asthma under treatment with high-dose ICS and LABAs, golimumab did not improve
FEV1 or the rate of exacerbation [258]. Etanercept, in several clinical trails, has been shown
to improve airway hyper-responsiveness (AHR); FEV1, AQLQ, and ACQ scores; and
asthma symptoms; as well as to reduce sputum macrophages and CRP levels in several
clinicals trials [302-304]. However, a large, randomized clinical study of etanercept for
moderate-to-severe asthma showed no efficacy for ACQ, AQLQ, FEV1, exacerbation rate,
or AHR [259].

7.4.3. Targeting IL-17

Anti-IL-17 antibody has been shown to decrease airway hyper-responsiveness and
airway inflammation in a mouse model of obesity, alone [305] or in combination with
a Rho-kinase inhibitor [306]. Secukinumab, an mAb targeting IL-17A, was tested in a
randomized clinical trial in patients with severe asthma treated with high doses of ICS
alone or in combination with a LABA. In this trial, responders (defined as patients with a 5%
increase in predicted FEV1) showed increased nasal epithelial neutrophilic inflammation
and had decreased markers of IgE-driven systemic inflammation based on a nasal brushing
pathway analysis of differentially regulated genes [307]. A randomized, double-blind,
placebo-controlled study of brodalumab, a monoclonal antibody targeting IL-17 receptor A,
showed no treatment effect in subjects with moderate-to-severe asthma [260]. A bispecific
antibody targeting IL-13 and IL-17 showed clinical safety with no deaths or serious adverse
events in a phase I study [308].

7.4.4. Targeting IL-23

As mentioned above, IL-17 is involved in neutrophilic inflammation in asthma and
IL-23, an IL-12 family cytokine, is important for maintenance and recruitment of Th17
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cells [309]. However, risankizumab, an IL23p19 mAb, failed to show efficacy for worsening
of asthma as compared with a placebo in a phase I, randomized, double-blind, placebo-
controlled study in adults with severe asthma, with no significant changes in sputum cell
differentials [261].

7.4.5. Targeting IL-6

Tocilizumab, an anti-IL-6 receptor mAb, had effects on CRP, IL-6, and soluble IL-6
receptor, but did not improve allergen-induced bronchoconstriction in 11 patients with
mild asthma [262].

7.5. Other Potential Therapy for Neutrophilic Asthma

Peroxisome proliferator-activated receptor-gamma agonists have been tested in a
murine model of neutrophilic asthma [310]. Statins are also candidate drugs for patients
with obesity and asthma [311,312]. Inhibitors of protein kinases, p38 MAPK, and phos-
phoinositide 3-kinase (PI3K & and y) have been examined for COPD or asthma [312-315].
These inhibitors might be effective in neutrophilic asthma because the PI3K pathway is
involved in neutrophil migration and degranulation [316,317]. Glucagon-like peptide-1
receptor (GLP-1R) agonists inhibit aeroallergen-induced activation of ILC2 and neutrophilic
airway inflammation in obese mice [318]. Fore et al. found that patients with asthma who
received GLP-1R agonists had less exacerbation than those treated with sulfonylureas or
insulin [319]. Some of these drugs have been tested for asthma or COPD, but not specifically
for neutrophilic asthma.

8. Conclusions

Asthma is a heterogenous syndrome that includes neutrophilic asthma as one pheno-
type. There is still uncertainty about this phenotype, but many studies have shown the
importance of neutrophils in asthma. There is no clear definition of neutrophilic asthma,
but sputum and peripheral blood neutrophils, YKL-40, H,S, MPA, and miRNAs may be
useful biomarkers for this condition. Identification of new biomarkers or combinations of
biomarkers will be important for future diagnosis of neutrophilic asthma. Neutrophilic
inflammation is involved in airway remodeling in patients with asthma, including those
with obesity and GERD. Non-pharmacological and pharmacological therapy, including
targeting of neutrophils and nonspecific treatment, may be useful for neutrophilic asthma,
but most treatments have yet to be tested in patients with this condition. Further stud-
ies, focused on non-type 2 cases and neutrophilic inflammation, are needed to develop
treatment for severe neutrophilic asthma.
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Abstract: Chronic obstructive pulmonary disease (COPD) is projected to continue to contribute to an
increase in the overall worldwide burden of disease until 2030. Therefore, an accurate assessment
of the risk of airway obstruction in patients with COPD has become vitally important. Although
the Global Initiative for Chronic Obstructive Lung Disease (GOLD), the American Thoracic Society
(ATS) and European Respiratory Society (ERS), and the Japanese Respiratory Society (JRS) provide
the criteria by which to diagnose COPD, many studies suggest that it is in fact underdiagnosed. Its
prevalence increases, while the impact of COPD-related systemic comorbidities is also increasingly
recognized in clinical aspects of COPD. Although a recent report suggests that spirometry should
not be used to screen for airflow limitation in individuals without respiratory symptoms, the early
detection of COPD in patients with no, or few, symptoms is an opportunity to provide appropriate
management based on COPD guidelines. Clinical advances have been made in pharmacothera-
peutic approaches to COPD. This article provides a current understanding of the importance of an
appropriate diagnosis in the real-world management of COPD.

Keywords: chronic obstructive pulmonary disease; spirometry; lower limit of normal

1. Introduction

Chronic obstructive pulmonary disease (COPD) is projected to continue to contribute
to an increase in the worldwide burden of disease until 2030 [1]. Therefore, an accurate
assessment of the risk of airway obstruction in patients with COPD has become vitally
important. The Global Initiative for Chronic Obstructive Lung Disease (GOLD), the Amer-
ican Thoracic Society (ATS) and European Respiratory Society (ERS), and the Japanese
Respiratory Society (JRS) all provide criteria with which to diagnose COPD [2—4]. Al-
though the clinical guideline, an official statement of the American College of Physicians
(ACP), American College of Chest Physicians (ACCP), ATS, and ERS, does not recommend
the evaluation of airflow limitations by respiratory function testing in patients without
respiratory symptoms [2], many studies suggest that COPD is under-diagnosed.

Smoking exposure also causes several systemic comorbidities in COPD patients [5].
Although severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the virus respon-
sible for the coronavirus disease 2019 (COVID-19) pandemic, has infected over 100.0 mil-
lion people around the world and caused more than over 2.2 million deaths [6], there is
mounting evidence that COPD may be a risk factor for more severe COVID-19 disease [7].
Furthermore, the coexistence of several comorbidities hinders efforts to illuminate the
pathogenesis of COPD and the heterogeneity of disease progression. Mounting evidence
suggests that the heterogeneity of disease progression in COPD might be due to the varying
lung function trajectories [8,9].

Although, there are many critical issues for COPD-related outcomes in the real-world
clinical settings, understanding whether insufficient management arising from undiag-
nosed COPD might affect the outcomes related to COPD has not been concisely reviewed,
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including COPD management (acute exacerbation, hospitalization, and mortality), devel-
opment of systemic comorbidities (cardiovascular diseases and frailty), the coronavirus
disease 2019 (COVID-19) pandemic, and postoperative management of resected lung cancer
patients [10,11].

This article provides the current understanding of appropriate diagnosis in the real-
world management of COPD.

2. Method

The aim of this study was to evaluate the clinical issues in undiagnosed COPD pa-
tients. PubMed was searched for population-based estimates published during the period
1980-2020. The search terms included “chronic obstructive pulmonary disease” and ei-

”oou 77

ther “undiagnosis”, “emphysema”, “lower limit of normal”, “prevalence”, “exacerbation”,
“systemic diseases”, “comorbidity”, “coronavirus disease 2019”, “post-operative compli-
cation”, or “mortality”. Articles were included if they: (1) Provided the total population
for evaluating the clinical issues in undiagnosed COPD patients; and (2) gave sufficient
method details to evaluate the outcomes using the criteria defined by the investigators.
Studies that might not provide any conclusion on the issues were excluded. From the
436 studies, which the initial search identified, 61 articles were selected to achieve our aim

for this review.

3. Results
3.1. Prevalence of COPD

World-wide cohort studies suggest that the prevalence of COPD is estimated to be
about 10% to 14% [12,13]. Under the Japanese Industrial Safety and Health Act, a chest
X-ray examination is included in a legal medical examination. It aids the early detection
of lung cancer, as a lung cancer screening method. An evaluation of airflow limitation by
spirometry examination is optional in statutory medical examinations in Japan. For the
early detection of COPD, some studies evaluated airflow limitation by spirometry among
subjects aged 40 years or older who had participated in community-based annual health
checks in Japan [14,15]. The prevalence of COPD in adults, aged 40 and over, is estimated
to be around 10% in Japan.

Although the prevalence of lung cancer is estimated to be about 3 % in COPD pa-
tients [16], the coexistence rate of COPD was more than 40% in resected lung cancer
patients [17]. A therapeutic option, other than surgery, such as chemotherapy and/or
radiation, might be selected for the older lung cancer patients with COPD [17-19]. To
determine the substantial prevalence of COPD among Asian patients with newly diagnosed
lung cancer who were sequentially registered, spirometry was performed when applying
bronchoscopy for lung cancer diagnosis. The coexistence rate of COPD was 54.4% among
270 new lung cancer cases that underwent bronchoscopy, and 84.4% were diagnosed with
COPD for the first time [20]. In the study population, 61.3% of men had COPD, but only
35.2% of women had COPD. In addition, 95.5% of men had a history of smoking, whereas
67.6% of women were non-smokers. The percentage of non-smokers among women with
lung cancer was only 10.5% in a study by Loganathan et al. [21]. The discrepancy might
be due to difference in smoking habits in each country. As the severity of airflow limi-
tation was evaluated in these patients with COPD, the proportion of grade 1 (mild) and
grade 2 (moderate) in the GOLD classification was more than 90 % of COPD cases. [20].
When the association between airflow limitation and thin-section computed tomography
(TSCT)-determined emphysema was evaluated, 38.8% of subjects with airflow limitation
were found to have TSCT-determined emphysema. Airflow limitation was observed in
68.1% of subjects with TSCT-determined emphysema [22]. It was also reported that the
use of deep residual networks on chest CT scans for ex-smokers, and current smokers who
underwent lung cancer screening, was an effective case-finding method in detecting and
diagnosing COPD [23].
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3.2. Clinical Significance of COPD Diagnosis
3.2.1. Management of COPD and Its Exacerbations

The Evaluation of COPD Longitudinally to identify the Predictive Surrogate End-
points (ECLIPSE) study shows that a COPD acute exacerbation event can itself predict
the next COPD acute exacerbation event in a COPD acute exacerbation risk assessment
in patients with COPD GOLD grade 2 or higher [24]. Nevertheless, more than 75% of
individuals with COPD, who have been symptomatic for at least five years, are not diag-
nosed [25]. Although more than 50% of Asian patients with newly diagnosed lung cancer
had COPD, only 8.5% of the total study population had been diagnosed and managed as
having COPD [20]. This finding is compatible with a retrospective analysis of a clinical
cohort in the United Kingdom, which showed that of the COPD patients who had received
a chest radiography in the two years before COPD diagnosis, only 33% had spirometry [26].

3.2.2. COPD and Systemic Diseases

Smoking is strongly associated with the development of chronic lung inflamma-
tion and systemic inflammation via the inflammatory mediators derived from smoking-
stimulated lung tissue [5]. A recent study reported that people with accelerated FEV1
decline were at greater risk of cardiovascular disease, compared to those without acceler-
ated decline over a more than 15-years [27]. Another study suggested that frequency of
COPD exacerbation and increasing dyspnea, not a decline in FEV1, might be associated
with increasing cardiac events [28]. Frailty is defined as a progressive physiological decline
in multiple organ systems marked by loss of function, loss of physiological reserve, and
increased vulnerability to disease [29]. Many chronic diseases are associated with frailty
and functional decline in older people [30]. The prevalence of frailty might be assumed to
be 6-10% in elderly patients with COPD [31,32]. More than 20% of frail elderly subjects
with dyspnea might be detected using a near-home screening strategy [33]. Kennedy, et al.
demonstrated that frail COPD participants reported significantly worse disease-specific
symptoms and the overall quality of life [32]. Furthermore, frailty triggered by worsening
of COPD might decrease the time to first hospitalization and an increased the duration of
hospitalization [32]. A further understanding of how the COPD frailty phenotype can be
modified or treated is warranted.

3.2.3. The Effect of COPD on the Severity and Mortality of COVID-19

For cohorts in China, America, and Italy reporting on hospitalized COVID-19 patients,
the prevalence of COPD has ranged from zero to 15% [7,34]. Comparing its severity among
COPD patients, the risk of development of severe COVID-19 disease might be relatively
lower than the risk among asthma patients, possibly due to the use of inhaler corticosteroid
(ICS) [35]. Nevertheless, a recent observational study did not support the hypothesis
that regular ICS use might protect against COVID-19-related death among people with
asthma or COPD [36]. A decrease in physical activity might be strongly associated with
mortality in COPD patients [37]. The extensive social distancing policies and restrictions
brought about by the COVID-19 pandemic often makes it difficult for individuals to visit
with their physicians, resulting in fewer opportunities to receive pulmonary rehabilitation
programs [34].

3.2.4. The Effect of COPD Co-Existence in Resected Lung Cancer

Most COPD patients with resected lung cancer show no or few COPD-related symp-
toms, due to mild airflow limitation [20]. Nevertheless, COPD patients with an FEV1/
forced vital capacity (FVC) ratio below 0.70 had a prolonged postoperative stay, and a
greater need of prolonged oxygen therapy, than patients without COPD [17,38]. Although
clinical guidelines recommend spirometric assessment to evaluate the optimum selection
of surgical procedures, in view of the risks of mortality and post-operative complica-
tions [11,18], better risk stratification for post-operative outcomes in patients, with COPD
undergoing thoracic surgery, has not been fully determined. An FEV1/FVC ratio below
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the lower fifth percentile of a large healthy reference group (that is, the statistically defined
lower limit of normal [LLN]) is used to classify airflow obstruction [39,40]. Studies have
not evaluated whether an FEV1/FVC ratio below 0.70 but above the LLN (an “inbetween”
group) could identify patients at risk of adverse COPD-related clinical outcomes had not
been fully evaluated (Figure 1) [41,42]. When the combined assessment of the 0.70 fixed
ratio and the LLN of the FEV1/FVC ratio was used for risk stratification, the in-between
group classified by a FEV1/FVC ratio below 0.70, but above the LLN included patients with
mild cases of COPD patients. The LLN assessment of the FEV1/FVC ratio might provide
more accurate risk stratification in COPD patients undergoing thoracic surgery [41]. In this
study, the LLN of FEV1 and FVC were calculated by using the reference equations of the
National Health and Nutrition Survey III (NHANESIII), due to the absences of a Japanese
reference equation to calculate the LLN of FEV1/FVC [41]. A recent study suggested that
the locally derived LLN criteria seem to be better at identifying high-risk individuals with
COPD, compared with the LLN criteria from other regions. Whereas, COPD individuals
determined by the five different LLN criteria showed similar risk of COPD exacerbations
and mortality [43]. Okada, et al. stratified the risk for postoperative outcomes in COPD
patients with resected lung cancer by using renewed Japanese spirometric reference vari-
ables [3,44]. The studies demonstrated that airflow obstruction, determined by a different
lung function reference, had a similar risk of post-operative outcomes [41,44],
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Figure 1. Diagram depicting the fixed 0.7 ratio of FEV1/ FVC and the decline of the LLN of FEV1/
FVC with aging. Modified from [42]. Solid line: The fixed 0.7 ratio. Dotted line: The LLN of FEV1/
FVC with aging.

3.2.5. The Effect of COPD Coexistence in Advanced Lung Cancer Cases

High COPD coexistence rates were shown in lung cancer cases [20], but no increase
in chemotherapy-related adverse events was observed in COPD patients that underwent
chemotherapy for advanced lung cancer [19,45]. Therefore, the effect of COPD on patients
with lung cancer might depend on treatment options, such as surgery or chemotherapy.

3.3. Early COPD

In some cases, COPD develops from accelerated lung function decline. Other cases do
not achieve the expected maximally attained lung function in early adulthood, resulting in
COPD [8]. Therefore, among COPD patients, those with accelerated disease progression
should be identified. Martinez, et al. suggested that a classification to distinguish between
“early disease” and late “mild disease” was warranted, in order to aid individualized
interventions and modify progression before irreversible damage [9]. They proposed
that early COPD should be defined in individuals under 50 years of age with 10 or more
pack-years of smoking history and any of these abnormalities: (1) Early airflow limitation
(post-bronchodilator FEV1/FVC, LLN); (2) compatible CT abnormalities, and; (3) a rapid
decline in FEV1 (> 60 mL/year); that is, accelerated relative to FVC [9,46]. Based on the
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definition of early COPD [9,46], a recent study demonstrated that the operational definition
for early COPD may be effective in excluding individuals unlikely to develop clinical COPD
later in life [47]. Furthermore, COPD that develops through a normal maximally attained
FEV1 trajectory is associated with increased risks of both respiratory disease mortality and
all-cause mortality, compared with COPD that develops through a low maximally attained
FEV1 trajectory [48].

4. Discussion

In global setting, including Japan, the prevalence of COPD in adults aged 40 and over
is estimated to be around 10%. There is a discrepancy of more than 20 times between
the approximately five million individuals with COPD and 200,000 patients with COPD
undergoing pharmacotherapy [49]. Spirometry was performed to determine the substantial
prevalence of COPD among Asian patients with newly diagnosed lung cancer who were
sequentially registered. It was found that COPD is a common comorbidity in elderly people
with a smoking history [26,46,50].

Many studies point out that undiagnosed COPD patients often visit primary care
for COPD-related respiratory symptoms, such as dyspnea, cough, and sputum [25]. This
underlines the need for COPD management options [26,46,50]. Primary physicians might
not recognize the worsening respiratory symptoms in these undiagnosed patients as
involving COPD acute exacerbation. Efficacious COPD management might be provided
for patients at an early stage of COPD when patients with respiratory symptoms, who visit
primary care, are appropriately diagnosed with COPD by spirometry [51].

Systemic inflammation from smoking-stimulated lung tissue in COPD patients might
induce the development of heart disease, osteoporosis, metabolic syndrome, skeletal mus-
cle atrophy, frailty, and depression [5,28,30-32,52]. Nevertheless, COPD-related systemic
comorbidities, including diabetes, hypertension, and ischemic cardiac disease, might not
be associated with the development of post-operative outcomes in resected lung cancer
patients [17,38]. Therefore, post-operative outcomes should be recognized as COPD-related
outcomes, even in patients with mild cases of COPD. Although, the COPD frailty pheno-
type might affect COPD-related outcomes, such as respiratory and all-cause mortalities,
hospitalization, acute exacerbation, poor quality of life, and depression [32]. It also re-
mains undetermined whether the decreased physical activity in COPD patients, due to
the COVID-19 pandemic, could increase the incidence of the COPD-related outcomes. If
we can appropriately diagnose COPD, early detection plays a key role in improving the
prognosis of patients with COPD [53]. Further investigation is warranted.

There is growing awareness of the need to identify COPD in patients at an early
stage [50,53-57]. A recent systematic review suggests that pharmacotherapy is effective in
altering the rate of lung function decline and that the annual decline of forced expiratory
volume in one second (FEV1) modified by bronchodilators was within the decline, reported
for health status and for the exacerbation rate in the clinical trials [58]. Further research
efforts are warranted to verify the effectiveness of appropriate management of undiagnosed
COPD patients, as mounting evidence suggest early COPD with a rapid decline in FEV1
might be a suitable target for appropriate therapy [47,48].

Two issues remain elusive for providing helpful guidance to the practicing clinicians.
Firstly, when should spirometry be performed? Smoking often causes the development
of lung cancer and COPD [59,60]. A chest radiography might be examined by primary
physicians to screen for lung cancers among patients aged over 70 years and with smoking
history [20]. The timing might provide an opportunity to use spirometry tests to detect
COPD [20,25,26]. By evaluating the presence of emphysematous lesions on TSCT in indi-
viduals under 50 years of age with 10 or more pack-years of smoking history [9], diagnosing
emphysema can be an indicator for assessing airflow obstruction [61,62]. Secondly, how
should the data from spirometry be evaluated? The combined assessment of the 0.70
fixed ratio and the LLN of the FEV1/FVC ratio could identify patients at risk of adverse
COPD-related clinical outcomes in resected lung cancer patients [41,42,44]. Although adult
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smokers, suspected of having COPD, were reported to be at no increased risk of respiratory
morbidity or all-cause mortality until the ratio falls below the age-corrected LLN (even
though it is below 0.70) [40], the combined assessment of the 0.70 fixed ratio and the LLN of
the FEV1/FVC ratio might provide more accurate management in early COPD patients that
develop through a low maximally attained FEV1 trajectory [48], but also COPD patients
at an early disease stage [50,53-57]. Further research efforts are warranted for providing
helpful guidance to the practicing clinicians.

5. Conclusions

This article provides a current understanding of the unresolved issues that arise from
insufficient management of undiagnosed COPD and how they might affect the outcomes
related to COPD in the real-world clinical settings. In summary, the importance of an
appropriate diagnosis in the real-world management of COPD should be emphasized.
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Abstract: In chronic obstructive pulmonary disease (COPD), exertional dyspnea, which increases
with the disease’s progression, reduces exercise tolerance and limits physical activity, leading to a
worsening prognosis. It is necessary to understand the diverse mechanisms of dyspnea and take
appropriate measures to reduce exertional dyspnea, as COPD is a systemic disease with various
comorbidities. A treatment focusing on the motor pathophysiology related to dyspnea may lead to
improvements such as reducing dynamic lung hyperinflation, respiratory and metabolic acidosis,
and eventually exertional dyspnea. However, without cardiopulmonary exercise testing (CPET), it
may be difficult to understand the pathophysiological conditions during exercise. CPET facilitates
understanding of the gas exchange and transport associated with respiration-circulation and even
crosstalk with muscles, which is sometimes challenging, and provides information on COPD treat-
ment strategies. For respiratory medicine department staff, CPET can play a significant role when
treating patients with diseases that cause exertional dyspnea. This article outlines the advantages of
using CPET to evaluate exertional dyspnea in patients with COPD.

Keywords: acidosis; breathing; cardiopulmonary exercise testing; dynamic hyperinflation;

muscle; ventilation

1. Introduction

Globally, chronic obstructive pulmonary disease (COPD) was the third leading cause
of death in 2018 [1], and countermeasures against COPD are required. The most frequent
and important complaint of patients with COPD is exertional dyspnea, the pathophys-
iology of which is known to includes several etiological factors [2-5]. There can be no
improvement in exercise tolerance and physical activity for patients without mitigating
dyspnea, which is difficult to bear. Customized treatment suitable for the condition must
be provided to alleviate exertional dyspnea after exploring the causes of COPD, given that
COPD is a systemic disease with comorbidities [6,7] and that exertional dyspnea can have
diverse etiologies.

This article discusses the motor pathophysiology of COPD, which is directly related
to the treatment of exertional dyspnea, based on previous insights into how dyspnea in
COPD can be evaluated using cardiopulmonary exercise testing (CPET) [8]. Briefly, two
types of protocols are used in CPET: a maximum (symptom-limited) incremental exercise
test, and a constant work rate exercise test. Numerous exertional parameters are included,
all of which are calculated using the ventilation amount, and the concentration of oxygen
and carbon dioxide during inspiration or expiration [8-10]. CPET facilitates diagnosis
and determination of the patient’s exertional pathophysiological condition and can help
in the choice of treatment, evaluation of the response to treatment, and determination of
the prognosis [8,11]. Although the interpretation of data obtained from CPET sometimes
requires a comprehensive understanding of this test method, CPET can quickly provide
deep insights into pathophysiological responses to exercise, reflecting crosstalk between
the functions of the cardiopulmonary system and peripheral muscles [10]. This article also
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examines how CPET can facilitate the implementation of treatment strategies to further
alleviate exertional dyspnea, with a particular focus on respiratory patterns.

2. Exercise Tolerance and Exercise-Limiting Factors

The forced expiratory volume in one second (FEV;) is an important indicator that
correlates well with minute ventilation (V'g), but has a weak relationship with exercise
tolerance [12]. This distinction reflects the fact that the ventilatory efficiency is related
to wasted ventilation [13-15] and to the fact that the difference between inspired and ex-
pired oxygen concentrations (measured as the difference between average inspired oxygen
concentration and average expired oxygen concentration) [9,10], not just the ventilation
amount, is related to exercise tolerance. In this context, it is worth noting that oxygen
uptake (V') is determined using an equation that includes the product of V'g and the
difference between inspired and expired oxygen concentrations, and that the average
expired oxygen concentration is dependent on the collective cardiac, pulmonary and mus-
cular metabolism [9,10]. Although many factors define the daily activity level of patients
with COPD, this activity level is often influenced by dyspnea. Predicting the level of
daily activity based on resting pulmonary function alone is difficult because other exercise
limiting factors, such as cardiovascular disorders and lower limb fatigue, are not evalu-
ated. Evaluation of exercise tolerance by CPET indicates the level of daily activity more
directly and is also useful in predicting the patient’s prognosis [16-20]. Adequate measures
are needed, mainly for patients who can engage only in activities of approximately 3
metabolic equivalents (METs) (maximal oxygen uptake of 10.5 mL/min/Kg) [18,21,22].
The pathophysiology of exertional dyspnea can be understood in due course, including the
exercise-limiting factors concerned with dyspnea treatment.

Accurate evaluation during the CPET of leg fatigue, in addition to dyspnea during
CPET, is important for determining the treatment plan. The evaluation must be performed
while the patient is not talking, thereby ensuring that there is no interference with exhaled
gas evaluation. The 10-point modified Borg Scale, with 0 corresponding to no dyspnea and
10 corresponding to maximal dyspnea or leg fatigue, is often used [23]. When dyspnea and
leg fatigue are evaluated during CPET, dyspnea alone, leg fatigue alone, or the combination
of both dyspnea and leg fatigue is commonly reported at the end of exercise. On this scale
of dyspnea, scores of 2 or 3 correspond to the anaerobic metabolism threshold and are
associated with an elevated threshold of sympathetic nerve activity not only in COPD but
also in interstitial pneumonia [3,24]. Therefore, it is useful to instruct people to engage,
as part of their self-range, in activities for which dyspnea is 2-3 points on the modified
Borg scale, thereby avoiding excessive exercise in daily life. If the causes of dyspnea are
examined closely, the exercise-limiting factors among these causes can be classified broadly
into three categories, namely: dyspnea due to ventilatory impairment, lower limb fatigue,
and cardiovascular impairment (Figure 1).
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Figure 1. Schematic pathophysiologic pathway exertional dyspnea in chronic obstructive pulmonary
disease. CO,: carbon dioxide; CPET: cardiopulmonary exercise testing; ECG: electrocardiogram; HR:
heart rate; Oy: oxygen; O, pulse: V'oy /heart rate; V'op: oxygen uptake; WR: work rate. This is an
original figure (no permission is required).

2.1. Exertional Dyspnea Due to Cardiovascular Disorders

In previous studies of patients with COPD who exhibit exertional dyspnea [12,25],
10-17% of patients with exertional dyspnea were subjects whose dyspnea was due to
cardiovascular disorders; many of these patients were observed to have abnormalities as
assessed by electrocardiogram (ECG). Reports from the United States and Europe indicate
that the percentage of ischemic heart disease and heart failure is higher among patients with
COPD complications [26]. According to reports from Japanese cardiovascular facilities, the
percentage of patients with COPD who also exhibited cardiovascular diseases represented
27% of individuals with COPD complications [27]. Determining that the heart is the
limiting factor for exercise may be difficult if the ECG does not indicate an abnormality.
In such cases, limitation due to the heart is indicated if (during CPET) the slope of V',
versus work rate (measured in watts) is reduced (Figure 1). Alternatively, a plateau
phenomenon of the oxygen pulse (V'op/heart rate (HR)), which is almost equivalent to
the stroke volume, may be occurring (Figure 1). In either instance, a steep slope of HR
versus V’'op can be used as a reference to assess whether cardiovascular disorders are
limiting factors for exercise (Figure 1) [28]. If the oxygen pulse plateaus during exercise,
but there are no abnormalities in the ECG during exercise, then the pathological condition
may be clarified using an echocardiogram to test for the existence of a valve disease,
possibly including that of the mitral valve [29]. In addition, evaluating impairments of the
pulmonary microvasculature may be informative, given that such impairments already can
be seen in mild-stage COPD; indeed, reduced pulmonary blood flow during exercise has
been reported in such patients [30,31]. Furthermore, the evaluation of sympathetic activity
during exercise may provide important information on the pathophysiologic conditions
underlying not only cardiovascular disease but also COPD during exercise (Figure 1).
Elevated sympathetic activity already will be apparent in the resting condition in patients
with advanced COPD, and the change of sympathetic activity has been shown to correlate
with exertional dyspnea in patients with stable COPD [3,20,22]. Therefore, respiratory
medicine department staff need to remember that cardiovascular diseases may be a cause
of exertional dyspnea.
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2.2. Measures and Treatment of Lower Limb Fatigue

Work by the author and colleagues has revealed that, in 20% of the patients with
exertional dyspnea as the chief complaint, lower limb fatigue, not dyspnea, was actually
the exercise-limiting factor (Figure 1); in such patients, resting pulmonary function was
relatively preserved [12]. With the progression of respiratory or cardiovascular diseases,
ventilatory disorders, circulatory disorders, or muscle sympathetic overactivity develop
in addition to the lower limb fatigue, leading to the progression of dyspnea as the patho-
logical condition worsens. Furthermore, aside from the case where dyspnea is the only
exercise-limiting factor, if dyspnea and lower limb fatigue are of approximately the same
intensity, then ventilation must compensate for exercise-induced acidosis (due to lactic
acid production by the muscles). In such cases, exercise therapy focusing on the lower
limbs may improve exertional dyspnea by suppressing excessive lactic acid production
and consequently lowering the need for ventilation [32,33]. In any case, exercise therapy
for the lower limbs should be performed from an early stage. The staff of respiratory
medicine or cardiovascular departments often tend to neglect exercise therapy for the
lower limbs in favor of their department’s respective specialty. Increasing physical activity
at an earlier stage of COPD is associated with a better prognosis, and it is important to
teach exercise habits that make use of hobbies from an earlier stage, thereby promoting
behavioral changes [34]. Unfortunately, however, as COPD advances, the related functional
impairments lead to muscle weakness and body weight loss [35,36]. Indeed, loss of muscle
mass and muscle strength are greater in patients in the advanced stages of COPD [37],
the progress of which particularly affects the lower limbs [36,38]. In patients that are
underweight or have sarcopenia, exertional dyspnea can become very severe, because
such patients must compensate for muscle impairments as well as for ventilatory impair-
ments [39-41]. To treat such patients, it may be important to choose suitable therapies
based on cardiopulmonary-peripheral muscle crosstalk. Ghrelin, first discovered in 1999 as
a novel growth-hormone-releasing peptide isolated from the stomach [42], has a variety
of effects, such as causing a positive energy balance and weight gain by decreasing fat
utilization [43], stimulating food intake [44], and inhibiting sympathetic nerve activity [45].
The author and colleagues reported that, in cachectic patients with COPD, ghrelin ad-
ministration with exercise training provided improvements in exertional dyspnea [39,46],
respiratory strength [39], and exertional intolerance [47] in randomized, double-blind,
placebo-controlled trials.

In the future, as the population ages, the number of patients who are immobilized due
to lower limb fatigue is expected to increase, and the need for exercise therapy of the lower
limbs based on the cardiopulmonary-peripheral muscle crosstalk will increase further.
CPET will be useful for identifying patients who are candidates for exercise therapy of the
lower limbs.

2.3. Exertional Dyspnea Due to Ventilatory Impairment

In a study by the author and colleagues [12], exertional dyspnea due to ventilatory
impairment accounted for 70% of patients with exertional dyspnea as the chief complaint
(Figure 1). Here, the author considers the mechanism of exertional dyspnea due to ventila-
tory impairment and the relevant remedies that focus on respiratory patterns. Although
tachypnea [48] is often considered to be a cause of dyspnea and a target of treatment,
tachypnea is observed during maximal exercise in patients with COPD who exhibit a
preserved exercise tolerance, and even in healthy individuals [49], and is considered to be a
standard physiological mechanism used by the body to increase the amount of ventilation.
On the other hand, it should be noted that, among patients with COPD who exhibit exercise
intolerance, a surprisingly large number of subjects have a slow-shallow pattern with pro-
longed expiration (Figure 2a—c), where expiratory tidal volume (Vrex) is reduced without
an increase in the respiratory frequency. Typically, such patients do not demonstrate a
rapid-shallow pattern, where a rise in the Vrex is limited and is compensated by tachyp-
nea [12]. The worsening of these mechanical ventilatory abnormalities during exercise is
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explained by i) high elastic load, ii) decreased dynamic lung compliance, and iii) increased
resistive load of respiratory muscles, all of which lead to dynamic lung hyperinflation in
COPD [50-54]. Studies of dynamic blood gas show that, in healthy individuals and patients
with COPD who retain ventilation capacity, metabolic acidosis (resulting from elevated
levels of lactic acid) progresses during exercise; ventilation compensation for such acidosis
is detected as a decrease in bicarbonate ions, and exercise is terminated when metabolic
acidosis is no longer compensated [12]. On the other hand, in patients with poor ventilation
compensation capacity and decreased exercise tolerance, exercise is terminated when the
patient develops respiratory acidosis (Figure 2d), which does not lead to an elevation in
lactic acid levels but rather to an elevation in the partial pressure of arterial carbon dioxide
and bicarbonate ions [12]. These observations explain why patients with dynamic lung
hyperinflation [55,56] may become breathless. Dyspnea is an exercise-limiting factor in
a high percentage of these patients [12], and an increase in ventilation capacity, ideally
by increasing Vtex, or using a treatment to improve ventilatory efficiency, is expected
to yield successful results. Interestingly, in patients with COPD who possess various
resting pulmonary functions, ventilation limitations, and exercise tolerances, exercise was
terminated when exercise-induced acidosis (pH) and dyspnea during maximal exercise
(Figure 2e) were comparable [12]. This observation suggests that, though dyspnea is caused
by complex factors, including the central nervous network and peripheral muscles [5], one
of the common mechanisms in exertional dyspnea involves a compensatory mechanism
that maintains acid-base homeostasis in the blood [3,12,57]. In the body, CO; transport is
affected by the exertional pH change that accompanies CO; production due to ventilatory
impairments or lactate production during exercise. Furthermore, in a study examining
exercise-limiting factors in patients with idiopathic pulmonary fibrosis and COPD [3,58],
exercise-induced acidosis was a limiting factor for exercise regardless of the concentration
of oxygen administered. In addition, exertional hypoxemia was not a normal feature in
heathy subjects who also felt exertional dyspnea at the end of exercise [24,59]. In other
words, exertional dyspnea is associated with exercise-induced acidosis rather than with
hypoxia, and ventilation may be an important compensatory mechanism for maintaining
acid-base homeostasis, the mechanism of which may lead to optimal exercise performance.
Therefore, adequate ventilation, especially exhalation, is fundamental to the treatment of
COPD. As mentioned above, the slow-shallow pattern during exertion in patients with
exercise intolerance is often accompanied by prolonged expiration (Figure 2c). Laveneziana
et al. [60] reported that expiratory muscle activity in COPD was relatively increased during
exercise but did not mitigate dynamic lung hyperinflation. More recently, it has been
reported that expiratory muscle strength often increases in patients with COPD, perhaps
to compensate for inadequate ventilation [61]; a negative correlation has been observed
between maximal expiratory muscle strength at rest and maximal oxygen uptake, especially
in patients with COPD who have prolonged expiration [61,62]. In other words, although
the slow-shallow pattern prolongs expiration (Figure 2a—c), this ventilation pattern requires
high expiratory muscle strength but does not raise oxygen uptake, making breathing dif-
ficult for the patient. Inadequate exhalation leading to prolonged expiration results in a
large amount of air remaining in the lung after expiration (Vrin-Vrex), expressed as the
difference between the inspiratory tidal volume (Vrin) and Vrex [61,62]. Excess expiratory
muscle recruitment might be a compensatory mechanism to improve exercise intolerance.
Further studies are necessary to clarify the implications for the COPD of excess expiratory
muscle recruitment.
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Figure 2. Typical responses to incremental exercise by patients with chronic obstructive pulmonary
disease. Data are presented as mean =+ SD. ex.: exercise; fR: respiratory frequency; HCO3; ™ : bicarbon-
ate ion; Ti/Ttot: inspiratory duty cycle; Vex: tidal volume. The 10-point modified Borg Scale, with 0
corresponding to no dyspnea and 10 corresponding to maximal dyspnea was used to evaluate the
exertional dyspnea. Among the four Global Initiative for Chronic Obstructive Lung Disease (GOLD)
stages, despite the different breathing patterns ((a): fr, (b): Vex, and (c): Ti/Ttot) during exercise,
patients with COPD did not regulate the exertional acidosis ((d): HCO3™) to stop exercise, reaching a
similar exertional dyspnea level (e). Using the Kruskal-Wallis test to compare the groups consisting
of the four GOLD stages, there was a significant difference in fg (p = 0.0021), V1 (p < 0.0001), Ti/Ttot
(p <0.0001), and HCO3~ (p < 0.0001) at peak exercise, and HCO3~ (p < 0.0001) at rest. Using the
Steel-Dwass test to carry out between-group comparisons, *a, p < 0.05 versus GOLD I; *b, p < 0.05
versus GOLD II; *c, p < 0.05 versus GOLD III. This is an original figure (no permission is required).

2.3.1. Improving Ventilatory Impairments to Reduce Exertional Dyspnea

Reducing the air remaining in the lung after the expiration of each exhaled breath is
expected to improve dynamic hyperinflation, respiratory acidosis, and eventually dyspnea.
COPD is recognized as a disease that primarily involves pulmonary parenchyma and
obstructs the peripheral respiratory tract, which affects the exertional dyspnea [63]. Inter-
estingly, however, collapse of the respiratory tract during forced expiration was reported
in the 1960s among patients with COPD [64]. In addition, since its first description in the
1980s, exercise-induced laryngeal obstruction has been considered problematic because
this condition may affect young adults and can mimic exercise-induced asthma [65-68].
Although there is no standardized methodology for confirming exertional laryngeal ob-
struction and dyspnea severity, continuous laryngoscopy during CPET has been reported
to improve diagnostic sensitivity [69]. Furthermore, Baz et al. [70] recently reported that
the central respiratory tract outside the mediastinum, namely, the vocal cords, is obstructed
during exercise. As the obstruction intensifies, the degree of prolonged expiration also
increases. The expiratory airflow limitation in patients with COPD involves obstruction
of the peripheral respiratory tract and of the central respiratory tract, including the vocal
cords, which affects exertional dyspnea and breathing patterns. In a preliminary study,
the author and colleagues observed that expiratory pressure load training in patients with
severe and very severe COPD increased the expiratory tidal volume, reduced the air re-
maining in the lung after expiration, and improved prolonged expiration. In other words,
the slow-shallow pattern with prolonged expiration improved, which in turn resulted in
improvements in subjective symptoms and exercise tolerance [62]. In contrast, inspiratory
pressure load training, which is also referred to as inspiratory muscle training, has been
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recommended as a pulmonary rehabilitation (PR) program [71]. However, at least in
patients with advanced COPD, no large studies have reported the adjunctive effects of in-
spiratory pressure load training added to PR [72-74]. In addition, Yamamoto et al. reported
that, especially in underweight patients with advanced COPD, inspiratory pressure load
training might lead to tachypnea and wasted ventilation, which would in turn decrease
exercise performance; however, this point was made as part of a case report [75]. Further
studies are needed to evaluate the effect of expiratory or inspiratory pressure load training
on exertional dyspnea in patients with COPD. In the future, the author hopes to develop
therapies for the slow-shallow pattern with prolonged expiration, which is the cause of
exertional dyspnea in patients with advanced COPD.

2.3.2. Reducing Ventilatory Demand to Reduce Exertional Dyspnea

In contrast to providing adequate ventilation, reducing ventilatory demand or in-
creasing oxygen utilization may be of help in improving exertional dyspnea in COPD.
Especially in patients who exhibit exercise intolerance due to the reduced capability to in-
crease ventilation during exercise, a strategy related to oxygen utilization may be useful in
reducing exertional dyspnea. Acupuncture, an Eastern medical practice, has been reported
to improve exercise intolerance, dyspnea, and quality of life in patients with COPD [76,77].
In addition, the physiological benefits of acupuncture have been reported to include the
relaxation of muscle tension, along with improvements of muscle/anti-muscle fatigue,
muscle blood flow, and sympathetic control [78,79]. However, to date, little is known about
the mechanism whereby acupuncture improves exertional dyspnea. Using CPET, Maekura
et al. [80] investigated the effect and mechanism of acupuncture on exercise intolerance and
exertional dyspnea in patients with COPD. Their findings demonstrated that the effects
of acupuncture on exertional dyspnea were associated primarily with improved oxygen
utilization and reduced ventilation during exercise.

A similar mechanism explains how PR improves exercise performance and exertional
dyspnea [81-84]. Using CPET, the author and colleagues [83] investigated how PR reduces
exertional dyspnea; the results demonstrated that the reduced exertional dyspnea obtained
from PR was associated with reduced ventilatory demand due to the economized oxygen
requirements. In addition, although the mechanisms underlying meditative movement
(tai chi, yoga, and gigong) on COPD are unclear, a systematic review and meta-analysis
reported that the application of meditative movement as non-conventional therapies might
improve exercise capacity, dyspnea, and health-related quality of life in COPD patients [85].

3. Conclusions

Diverse exertional dyspnea is related to the crosstalk between the heart, lungs, and
muscles; further exploration of the exertional dyspnea patterns, which are related to
cardiovascular disorders, ventilatory impairment, and/or lower limb fatigue, will not only
facilitate elucidation of the dynamic pathophysiology of COPD but will also contribute
directly to the treatment of patients with this disease. Reducing the air remaining in
the lungs after the expiration of each exhaled breath is expected to improve dynamic
hyperinflation, respiratory acidosis, and eventually dyspnea. Furthermore, reducing
ventilatory demand or increasing oxygen utilization may also facilitate improvements
in exertional dyspnea in COPD. Considering that CPET can provide key information on
specific dysfunctions in COPD patients that can be used to help them maintain daily living
activities and allow them to feel that they can “walk with a little more ease”, staff providing
respiratory care should make the most of CPET as a more approachable test.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Acknowledgments: The author would like to thank R. Maekura, M. Miki, K. Tsujino, H. Hashimoto,
Y. Yamamoto, H. Kagawa, T. Matsuki, T. Kawasaki, T. Kuge, H. Kida, J. Ikeda, S. Sakaguchi, and S.
Ito for help with the CPET measurements.

87



Diagnostics 2021, 11, 364

Conflicts of Interest: The author declares no conflict of interest.

References

1. World Health Organization. The Top 10 Causes of Death. Available online: https://www.who.int/news-room/fact-sheets/
detail / the-top-10-causes-of-death (accessed on 29 December 2020).

2. Laveneziana, P; Webb, K.A.; Ora, J.; Wadell, K.; O'Donnell, D.E. Evolution of dyspnea during exercise in chronic obstructive
pulmonary disease: Impact of critical volume constraints. Am. J. Respir. Crit. Care Med. 2011, 184, 1367-1373. [CrossRef] [PubMed]

3.  Miki, K.;; Maekura, R.; Hiraga, T.; Kitada, S.; Miki, M.; Yoshimura, K.; Tateishi, Y. Effects of oxygen on exertional dyspnoea and
exercise performance in patients with chronic obstructive pulmonary disease. Respirology 2012, 17, 149-154. [CrossRef]

4. O’Donnell, D.E.; Lam, M.; Webb, K.A. Measurement of symptoms, lung hyperinflation, and endurance during exercise in chronic
obstructive pulmonary disease. Am. J. Respir. Crit. Care Med. 1998, 158, 1557-1565. [CrossRef] [PubMed]

5. O’Donnell, D.E.; Milne, KM.; James, M.D.; de Torres, J.P.; Neder, ]J.A. Dyspnea in COPD: New Mechanistic Insights and
Management Implications. Adv. Ther. 2020, 37, 41-60. [CrossRef]

6. Gan, W.Q.; Man, S.F; Senthilselvan, A.; Sin, D.D. Association between chronic obstructive pulmonary disease and systemic
inflammation: A systematic review and a meta-analysis. Thorax 2004, 59, 574-580. [CrossRef]

7. Vanfleteren, L.E.; Spruit, M.A.; Groenen, M.; Gaffron, S.; van Empel, V.P; Bruijnzeel, P.L.; Rutten, E.P; Roodt, J.O.; Wouters, E.F.;
Franssen, EM. Clusters of comorbidities based on validated objective measurements and systemic inflammation in patients with
chronic obstructive pulmonary disease. Am. J. Respir. Crit. Care Med. 2013, 187, 728-735. [CrossRef] [PubMed]

8.  Radtke, T,; Crook, S.; Kaltsakas, G.; Louvaris, Z.; Berton, D.; Urquhart, D.S.; Kampouras, A.; Rabinovich, R.A.; Verges, S.;
Kontopidis, D.; et al. ERS statement on standardisation of cardiopulmonary exercise testing in chronic lung diseases. Eur. Respir.
Rev. 2019, 28, 180101. [CrossRef]

9.  Laviolette, L.; Laveneziana, P. Exercise Testing in the prognostic evaluation of patients with lung and heart diseases. In Clinical
Exercise Testing (ERS Monograph); Palange, P., Laveneziana, P., Neder, J.A., Ward, S.A., Eds.; European Respiratory Society:
Sheffield, UK, 2018; pp. 222-234.

10. Wasserman, K.; Hansen, J.; Sue, D.; Stringer, W.; Sietsema, K.; Sun, X.-G. Principles of Exercise Testing and Interpretation: Including
Pathophysiology and Clinical Applications, 5th ed.; Lippincott Williams and Wilkins: Philadelphia, PA, USA, 2012.

11. Puente-Maestu, L.; Palange, P.; Casaburi, R.; Laveneziana, P.; Maltais, F.; Neder, J.A.; O’'Donnell, D.E.; Onorati, P.; Porszasz, J.;
Rabinovich, R.; et al. Use of exercise testing in the evaluation of interventional efficacy: An official ERS statement. Eur. Respir. |.
2016, 47, 429-460. [CrossRef]

12. Kagawa, H.; Miki, K,; Kitada, S.; Miki, M.; Yoshimura, K.; Oshitani, Y.; Nishida, K.; Sawa, N.; Tsujino, K.; Maekura, R. Dyspnea
and the Varying Pathophysiologic Manifestations of Chronic Obstructive Pulmonary Disease Evaluated by Cardiopulmonary
Exercise Testing With Arterial Blood Analysis. Front. Physiol. 2018, 9, 1293. [CrossRef]

13.  Neder, J.A,; Berton, D.C.; Arbex, EE; Alencar, M.C.; Rocha, A.; Sperandio, P.A.; Palange, P.; O’'Donnell, D.E. Physiological and
clinical relevance of exercise ventilatory efficiency in COPD. Eur. Respir. J. 2017, 49, 1602036. [CrossRef]

14.  Phillips, D.B.; Collins, S.; Stickland, M.K. Measurement and Interpretation of Exercise Ventilatory Efficiency. Front. Physiol. 2020,
11, 659. [CrossRef]

15.  Weatherald, ].; Sattler, C.; Garcia, G.; Laveneziana, P. Ventilatory response to exercise in cardiopulmonary disease: The role of
chemosensitivity and dead space. Eur. Respir. |. 2018, 51, 1700860. [CrossRef]

16. Hiraga, T.; Maekura, R.; Okuda, Y.; Okamoto, T.; Hirotani, A.; Kitada, S.; Yoshimura, K.; Yokota, S.; Ito, M.; Ogura, T. Prognostic
predictors for survival in patients with COPD using cardiopulmonary exercise testing. Clin. Physiol. Funct. Imaging 2003, 23,
324-331. [CrossRef]

17.  Oga, T.; Nishimura, K.; Tsukino, M.; Hajiro, T.; Ikeda, A.; Mishima, M. Relationship between different indices of exercise capacity
and clinical measures in patients with chronic obstructive pulmonary disease. Heart Lung 2002, 31, 374-381. [CrossRef]

18.  Oga, T.; Nishimura, K.; Tsukino, M.; Sato, S.; Hajiro, T. Analysis of the factors related to mortality in chronic obstructive pulmonary
disease: Role of exercise capacity and health status. Am. |. Respir Crit Care Med. 2003, 167, 544-549. [CrossRef]

19. Ozgiir, E.S.; Nayci, S.A.; Ozge, C.; Tagdelen, B. An integrated index combined by dynamic hyperinflation and exercise capacity in
the prediction of morbidity and mortality in COPD. Respir. Care 2012, 57, 1452-1459. [CrossRef]

20. Yoshimura, K.; Maekura, R.; Hiraga, T.; Miki, K.; Kitada, S.; Miki, M.; Tateishi, Y.; Mori, M. Identification of three exercise-induced
mortality risk factors in patients with COPD. COPD 2014, 11, 615-626. [CrossRef] [PubMed]

21. Guazzi, M.; Adams, V.; Conraads, V.; Halle, M.; Mezzani, A.; Vanhees, L.; Arena, R.; Fletcher, G.F,; Forman, D.E.; Kitzman, D.W.;
et al. EACPR/AHA Scientific Statement. Clinical recommendations for cardiopulmonary exercise testing data assessment in
specific patient populations. Circulation 2012, 126, 2261-2274. [CrossRef]

22. Maekura, R.; Hiraga, T.; Miki, K; Kitada, S.; Yoshimura, K.; Miki, M.; Tateishi, Y. Differences in physiological response to exercise
in patients with different COPD severity. Respir. Care 2014, 59, 252-262. [CrossRef] [PubMed]

23.  Wilson, R.C.; Jones, PW. A comparison of the visual analogue scale and modified Borg scale for the measurement of dyspnoea
during exercise. Clin. Sci. 1989, 76, 277-282. [CrossRef]

24. Miki, K.; Maekura, R.; Hiraga, T.; Hashimoto, H.; Kitada, S.; Miki, M.; Yoshimura, K.; Tateishi, Y.; Fushitani, K.; Motone, M.

Acidosis and raised norepinephrine levels are associated with exercise dyspnoea in idiopathic pulmonary fibrosis. Respirology
2009, 14, 1020-1026. [CrossRef]

88



Diagnostics 2021, 11, 364

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.
37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

Hirotani, A.; Maekura, R.; Okuda, Y.; Yoshimura, K.; Moriguchi, K.; Kitada, S.; Hiraga, T.; Ito, M.; Ogura, T.; Ogihara, T. Exercise-
induced electrocardiographic changes in patients with chronic respiratory diseases: Differential diagnosis by 99mTc-tetrofosmin
SPECT. J. Nucl. Med. 2003, 44, 325-330.

Rutten, EH.; Cramer, M.J.; Grobbee, D.E.; Sachs, A.P; Kirkels, ].H.; Lammers, ].W.; Hoes, A.W. Unrecognized heart failure in
elderly patients with stable chronic obstructive pulmonary disease. Eur. Heart |. 2005, 26, 1887-1894. [CrossRef]

Onishi, K.; Yoshimoto, D.; Hagan, G.W.; Jones, PW. Prevalence of airflow limitation in outpatients with cardiovascular diseases in
Japan. Int. |. Chron. Obs. Pulmon. Dis. 2014, 9, 563-568. [CrossRef]

Agostoni, P.; Casaburi, R. Patterns of cariopulmonary response to exercise in cardiac diseses In Clinical Exercise Testing (ERS Monograph);
Palange, P., Laveneziana, P, Neder, ].A., Ward, S.A., Eds.; European Respiratory Society: Sheffield, UK, 2018; pp. 160-174.
Nery, L.E.; Wasserman, K.; French, W.; Oren, A_; Davis, ].A. Contrasting cardiovascular and respiratory responses to exercise in
mitral valve and chronic obstructive pulmonary diseases. Chest 1983, 83, 446—453. [CrossRef]

Barr, R.G.; Bluemke, D.A.; Ahmed, ES.; Carr, ].J.; Enright, PL.; Hoffman, E.A ; Jiang, R.; Kawut, S.M.; Kronmal, R.A.; Lima, J.A.;
et al. Percent emphysema, airflow obstruction, and impaired left ventricular filling. N. Engl. ]. Med. 2010, 362, 217-227. [CrossRef]
[PubMed]

Grau, M.,; Barr, R.G.; Lima, J.A.; Hoffman, E.A.; Bluemke, D.A.; Carr, J.J.; Chahal, H.; Enright, PL.; Jain, A.; Prince, M.R;
et al. Percent emphysema and right ventricular structure and function: The Multi-Ethnic Study of Atherosclerosis-Lung and
Multi-Ethnic Study of Atherosclerosis-Right Ventricle Studies. Chest 2013, 144, 136-144. [CrossRef]

Coppoolse, R.; Schols, A.M.; Baarends, E.M.; Mostert, R.; Akkermans, M. A ; Janssen, P.P.; Wouters, E.F. Interval versus continuous
training in patients with severe COPD: A randomized clinical trial. Eur. Respir. ]. 1999, 14, 258-263. [CrossRef] [PubMed]
Ward, T.J.C.; Lindley, M.R.; Ferguson, R.A.; Constantin, D.; Singh, S.J.; Bolton, C.E.; Evans, R.A.; Greenhaff, P.L.; Steiner, M.C.
Submaximal Eccentric Cycling in People With COPD: Acute Whole-Body Cardiopulmonary and Muscle Metabolic Responses.
Chest 2020, 159, 564-574. [CrossRef] [PubMed]

Watz, H.; Pitta, F.; Rochester, C.L.; Garcia-Aymerich, J.; ZuWallack, R.; Troosters, T.; Vaes, A.W.; Puhan, M.A.; Jehn, M.; Polkey,
M.L; et al. An official European Respiratory Society statement on physical activity in COPD. Eur. Respir. |. 2014, 44, 1521-1537.
[CrossRef]

Agusti, A.; Soriano, ].B. COPD as a systemic disease. COPD 2008, 5, 133-138. [CrossRef]

Rabe, K.E; Watz, H. Chronic obstructive pulmonary disease. Lancet 2017, 389, 1931-1940. [CrossRef]

Celli, B.R.; Locantore, N.; Tal-Singer, R.; Riley, J.; Miller, B.; Vestbo, J.; Yates, ].C.; Silverman, E.K.; Owen, C.A.; Divo, M,; et al.
Emphysema and extrapulmonary tissue loss in COPD: A multi-organ loss of tissue phenotype. Eur. Respir. ]. 2018, 51, 1702146.
[CrossRef]

Maltais, F.; Decramer, M.; Casaburi, R.; Barreiro, E.; Burelle, Y.; Debigaré, R.; Dekhuijzen, PN.; Franssen, F.; Gayan-Ramirez, G.;
Gea, ].; et al. An official American Thoracic Society/European Respiratory Society statement: Update on limb muscle dysfunction
in chronic obstructive pulmonary disease. Am. J. Respir. Crit. Care Med. 2014, 189, e15-e62. [CrossRef] [PubMed]

Miki, K.; Maekura, R.; Nagaya, N.; Nakazato, M.; Kimura, H.; Murakami, S.; Ohnishi, S.; Hiraga, T.; Miki, M.; Kitada, S.; et al.
Ghrelin treatment of cachectic patients with chronic obstructive pulmonary disease: A multicenter, randomized, double-blind,
placebo-controlled trial. PLoS ONE 2012, 7, €35708. [CrossRef]

Rosenberg, I.H. Sarcopenia: Origins and clinical relevance. |. Nutr. 1997, 127, 990s-991s. [CrossRef] [PubMed]

Studenski, S.A.; Peters, KW.; Alley, D.E.; Cawthon, PM.; McLean, R.R.; Harris, T.B.; Ferrucci, L.; Guralnik, ].M.; Fragala, M.S.;
Kenny, A.M.; et al. The FNIH sarcopenia project: Rationale, study description, conference recommendations, and final estimates.
J. Gerontol. A Biol. Sci. Med. Sci. 2014, 69, 547-558. [CrossRef] [PubMed]

Kojima, M.; Hosoda, H.; Date, Y.; Nakazato, M.; Matsuo, H.; Kangawa, K. Ghrelin is a growth-hormone-releasing acylated
peptide from stomach. Nature 1999, 402, 656-660. [CrossRef]

Tschop, M.; Smiley, D.L.; Heiman, M.L. Ghrelin induces adiposity in rodents. Nature 2000, 407, 908-913. [CrossRef]

Nakazato, M.; Murakami, N.; Date, Y.; Kojima, M.; Matsuo, H.; Kangawa, K.; Matsukura, S. A role for ghrelin in the central
regulation of feeding. Nature 2001, 409, 194-198. [CrossRef]

Matsumura, K.; Tsuchihashi, T.; Fujii, K.; Abe, I; Ilida, M. Central ghrelin modulates sympathetic activity in conscious rabbits.
Hypertension 2002, 40, 694—699. [CrossRef]

Miki, K.; Maekura, R.; Nagaya, N.; Miki, M.; Kitada, S.; Yoshimura, K.; Mori, M.; Kangawa, K. Effects of ghrelin treatment on
exertional dyspnea in COPD: An exploratory analysis. |. Physiol. Sci. 2015, 65, 277-284. [CrossRef] [PubMed]

Miki, K.; Maekura, R.; Nagaya, N.; Kitada, S.; Miki, M.; Yoshimura, K.; Tateishi, Y.; Motone, M.; Hiraga, T.; Mori, M.; et al. Effects
of ghrelin treatment on exercise capacity in underweight COPD patients: A substudy of a multicenter, randomized, double-blind,
placebo-controlled trial of ghrelin treatment. BMC Pulm. Med. 2013, 13, 37. [CrossRef]

Macklem, P.T. Therapeutic implications of the pathophysiology of COPD. Eur. Respir. ]. 2010, 35, 676—-680. [CrossRef]

Neder, J.A.; Arbex, EE; Alencar, M.C.; O’'Donnell, C.D.; Cory, J.; Webb, K.A.; O'Donnell, D.E. Exercise ventilatory inefficiency in
mild to end-stage COPD. Eur. Respir. J. 2015, 45, 377-387. [CrossRef]

Dodd, D.S.; Brancatisano, T.; Engel, L.A. Chest wall mechanics during exercise in patients with severe chronic air-flow obstruction.
Am. Rev. Respir. Dis. 1984, 129, 33-38. [CrossRef] [PubMed]

Faisal, A.; Alghamdi, B.J.; Ciavaglia, C.E.; Elbehairy, A.F.; Webb, K.A.; Ora, J.; Neder, ].A.; O'Donnell, D.E. Common Mechanisms
of Dyspnea in Chronic Interstitial and Obstructive Lung Disorders. Am. . Respir. Crit. Care Med. 2016, 193, 299-309. [CrossRef]

89



Diagnostics 2021, 11, 364

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Jolley, C.J.; Luo, Y.M,; Steier, J.; Rafferty, G.F.; Polkey, M.I,; Moxham, J. Neural respiratory drive and breathlessness in COPD. Eur.
Respir. ]. 2015, 45, 355-364. [CrossRef]

O’Donrell, D.E.; Guenette, J.A.; Maltais, F.; Webb, K.A. Decline of resting inspiratory capacity in COPD: The impact on breathing
pattern, dyspnea, and ventilatory capacity during exercise. Chest 2012, 141, 753-762. [CrossRef] [PubMed]

Potter, W.A.; Olafsson, S.; Hyatt, R.E. Ventilatory mechanics and expiratory flow limitation during exercise in patients with
obstructive lung disease. J. Clin. Investig. 1971, 50, 910-919. [CrossRef]

O’Donnell, D.E.; Revill, S.M.; Webb, K.A. Dynamic hyperinflation and exercise intolerance in chronic obstructive pulmonary
disease. Am. J. Respir. Crit. Care Med. 2001, 164, 770-777. [CrossRef]

O’Donnell, D.E.; Webb, K.A. Exertional breathlessness in patients with chronic airflow limitation. Am. Rev. Respir. Dis. 1993, 148,
1351-1357. [CrossRef]

Wasserman, K.; Cox, T.A ; Sietsema, K.E. Ventilatory regulation of arterial H(+) (pH) during exercise. Respir. Physiol. Neurobiol.
2014, 190, 142-148. [CrossRef]

Miki, K.; Maekura, R.; Miki, M.; Kitada, S.; Yoshimura, K.; Tateishi, Y.; Mori, M. Exertional acidotic responses in idiopathic
pulmonary fibrosis: The mechanisms of exertional dyspnea. Respir. Physiol. Neurobiol. 2013, 185, 653-658. [CrossRef]

Dempsey, J.A.; Wagner, P.D. Exercise-induced arterial hypoxemia. J. Appl. Physiol. 1999, 87, 1997-2006. [CrossRef]
Laveneziana, P.; Webb, K.A.; Wadell, K.; Neder, J.A.; O’'Donnell, D.E. Does expiratory muscle activity influence dynamic
hyperinflation and exertional dyspnea in COPD? Respir. Physiol. Neurobiol. 2014, 199, 24-33. [CrossRef] [PubMed]

Miki, K.; Tsujino, K.; Edahiro, R.; Kitada, S.; Miki, M.; Yoshimura, K.; Kagawa, H.; Oshitani, Y.; Ohara, Y.; Hosono, Y.; et al.
Exercise tolerance and balance of inspiratory-to-expiratory muscle strength in relation to breathing timing in patients with chronic
obstructive pulmonary disease. J. Breath Res. 2018, 12, 036008. [CrossRef]

Miki, K.; Tsujino, K.; Miki, M.; Yoshimura, K.; Kagawa, H.; Oshitani, Y.; Fukushima, K.; Matsuki, T.; Yamamoto, Y.; Kida, H.
Managing COPD with expiratory or inspiratory pressure load training based on a prolonged expiration pattern. ER] Open Res.
2020, 6. [CrossRef] [PubMed]

McDonough, J.E.; Yuan, R.; Suzuki, M.; Seyednejad, N.; Elliott, W.M.; Sanchez, P.G.; Wright, A.C.; Gefter, W.B.; Litzky, L.; Coxson,
H.O.; et al. Small-airway obstruction and emphysema in chronic obstructive pulmonary disease. N. Engl. ]. Med. 2011, 365,
1567-1575. [CrossRef]

Rainer, W.G.; Hutchinson, D.; Newby, ].P.; Hamstra, R.; Durrance, J. Major Airway Collapsibility in the Pathogenesis of Obstructive
Emphysema. J. Thorac. Cardiovasc. Surg. 1963, 46, 559-567. [CrossRef]

Johansson, H.; Norlander, K.; Berglund, L.; Janson, C.; Malinovschi, A.; Nordvall, L.; Nordang, L.; Emtner, M. Prevalence of
exercise-induced bronchoconstriction and exercise-induced laryngeal obstruction in a general adolescent population. Thorax
2015, 70, 57-63. [CrossRef]

Lakin, R.C.; Metzger, W.].; Haughey, B.H. Upper airway obstruction presenting as exercise-induced asthma. Chest 1984, 86,
499-501. [CrossRef]

Landwehr, L.P.; Wood, R.P; Blager, F.B.; Milgrom, H. Vocal cord dysfunction mimicking exercise-induced bronchospasm in
adolescents. Pediatrics 1996, 98, 971-974.

McFadden, E.R,, Jr.; Zawadski, D.K. Vocal cord dysfunction masquerading as exercise-induced asthma. a physiologic cause for
“choking” during athletic activities. Am. ]. Respir. Crit. Care Med. 1996, 153, 942-947. [CrossRef]

Olin, ].T.; Clary, M.S.; Fan, E.M.; Johnston, K.L.; State, C.M.; Strand, M.; Christopher, K.L. Continuous laryngoscopy quantitates
laryngeal behaviour in exercise and recovery. Eur. Respir. . 2016, 48, 1192-1200. [CrossRef]

Baz, M.; Haji, G.S.; Menzies-Gow, A.; Tanner, R.J.; Hopkinson, N.S.; Polkey, M.L; Hull, ]. H. Dynamic laryngeal narrowing during
exercise: A mechanism for generating intrinsic PEEP in COPD? Thorax 2015, 70, 251-257. [CrossRef]

Gosselink, R.; De Vos, ].; van den Heuvel, S.P,; Segers, J.; Decramer, M.; Kwakkel, G. Impact of inspiratory muscle training in
patients with COPD: What is the evidence? Eur. Respir. J. 2011, 37, 416-425. [CrossRef]

Ambrosino, N. Inspiratory muscle training in stable COPD patients: Enough is enough? Eur. Respir. ]. 2018, 51, 1702285.
[CrossRef]

Charususin, N.; Gosselink, R.; Decramer, M.; Demeyer, H.; McConnell, A.; Saey, D.; Maltais, F.; Derom, E.; Vermeersch, S.; Heijdra,
Y.E; et al. Randomised controlled trial of adjunctive inspiratory muscle training for patients with COPD. Thorax 2018, 73, 942-950.
[CrossRef]

Schultz, K.; Jelusic, D.; Wittmann, M.; Kramer, B.; Huber, V.; Fuchs, S.; Lehbert, N.; Wingart, S.; Stojanovic, D.; Gohl, O.; et al.
Inspiratory muscle training does not improve clinical outcomes in 3-week COPD rehabilitation: Results from a randomised
controlled trial. Eur. Respir. ]. 2018, 51, 1702000. [CrossRef]

Yamamoto, Y.; Miki, K.; Matsuki, T.; Fukushima, K.; Oshitani, Y.; Kagawa, H.; Tsujino, K.; Yoshimura, K.; Miki, M.; Kida, H.
Intolerance to and limitations of inspiratory muscle training in patients with advanced chronic obstructive pulmonary disease: A
report of two cases. Respir. Med. Case Rep. 2020, 31, 101210. [CrossRef]

Jobst, K.; Chen, ].H.; McPherson, K.; Arrowsmith, J.; Brown, V.; Efthimiou, J.; Fletcher, H.J.; Maciocia, G.; Mole, P.,; Shifrin, K.; et al.
Controlled trial of acupuncture for disabling breathlessness. Lancet 1986, 2, 1416-1419. [CrossRef]

Suzuki, M.; Muro, S.; Ando, Y.; Omori, T.; Shiota, T.; Endo, K.; Sato, S.; Aihara, K.; Matsumoto, M.; Suzuki, S.; et al. A randomized,
placebo-controlled trial of acupuncture in patients with chronic obstructive pulmonary disease (COPD): The COPD-acupuncture
trial (CAT). Arch. Intern. Med. 2012, 172, 878-886. [CrossRef]

90



Diagnostics 2021, 11, 364

78.

79.

80.

81.

82.

83.

84.

85.

Cagnie, B.; Barbe, T.; De Ridder, E.; Van Oosterwijck, J.; Cools, A.; Danneels, L. The influence of dry needling of the trapezius
muscle on muscle blood flow and oxygenation. . Manip. Physiol. Ther. 2012, 35, 685-691. [CrossRef]

Shinbara, H.; Okubo, M.; Sumiya, E.; Fukuda, F; Yano, T.; Kitade, T. Effects of manual acupuncture with sparrow pecking on
muscle blood flow of normal and denervated hindlimb in rats. Acupunct. Med. 2008, 26, 149-159. [CrossRef] [PubMed]
Maekura, T.; Miki, K.; Miki, M.; Kitada, S.; Maekura, R. Clinical Effects Of Acupuncture On The Pathophysiological Mechanism
Of Chronic Obstructive Pulmonary Disease During Exercise. Int. J. Chron. Obs. Pulmon. Dis. 2019, 14, 2787-2798. [CrossRef]
[PubMed]

Casaburi, R.; Porszasz, ]J.; Burns, M.R.; Carithers, E.R.; Chang, R.S.; Cooper, C.B. Physiologic benefits of exercise training in
rehabilitation of patients with severe chronic obstructive pulmonary disease. Am. |. Respir. Crit. Care Med. 1997, 155, 1541-1551.
[CrossRef] [PubMed]

Laveneziana, P.; Palange, P. Physical activity, nutritional status and systemic inflammation in COPD. Eur. Respir. ]. 2012, 40,
522-529. [CrossRef]

Miki, K.; Maekura, R; Kitada, S.; Miki, M.; Yoshimura, K.; Yamamoto, H.; Kawabe, T.; Kagawa, H.; Oshitani, Y.; Satomi, A.; et al.
Pulmonary rehabilitation for COPD improves exercise time rather than exercise tolerance: Effects and mechanisms. Int. J. Chron.
Obs. Pulmon. Dis. 2017, 12, 1061-1070. [CrossRef]

Rochester, C.L.; Vogiatzis, I.; Holland, A.E.; Lareau, S.C.; Marciniuk, D.D.; Puhan, M.A_; Spruit, M.A.; Masefield, S.; Casaburi,
R.; Clini, EM.; et al. An Official American Thoracic Society/European Respiratory Society Policy Statement: Enhancing
Implementation, Use, and Delivery of Pulmonary Rehabilitation. Am. J. Respir. Crit. Care Med. 2015, 192, 1373-1386. [CrossRef]
Wu, L.L,; Lin, ZK.,; Weng, HD.; Qi, Q.F; Lu, J.; Liu, K.X. Effectiveness of meditative movement on COPD: A systematic review
and meta-analysis. Int. . Chron. Obs. Pulmon. Dis. 2018, 13, 1239-1250. [CrossRef] [PubMed]

91






diagnostics

Review

Treatment Response Biomarkers in Asthma and COPD

Howraman Meteran 1'2*, Pradeesh Sivapalan '* and Jens-Ulrik Steehr Jensen 1+

Citation: Meteran, H.; Sivapalan, P;
Steehr Jensen, J.-U. Treatment
Response Biomarkers in Asthma and
COPD. Diagnostics 2021, 11, 1668.
https://doi.org/10.3390/
diagnostics11091668

Academic Editor: Koichi Nishimura

Received: 1 August 2021
Accepted: 10 September 2021
Published: 13 September 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Internal Medicine, Respiratory Medicine Section, Copenhagen University Hospital—Herlev
and Gentofte, 2900 Hellerup, Denmark; pradeesh.sivapalan.02@regionh.dk (P.S.);

jens.ulrik jensen@regionh.dk (J.-U.S.J.)

Department of Microbiology and Immunology, University of Copenhagen, 1353 Copenhagen, Denmark
Department of Internal Medicine, Zealand University Hospital, 4000 Roskilde, Denmark

Department of Clinical Medicine, Faculty of Health Sciences, University of Copenhagen,

1353 Copenhagen, Denmark

Correspondence: hmeteran@gmail.com; Tel.: +45-60-67-72-96

Abstract: Chronic obstructive pulmonary disease (COPD) and asthma are two of the most common
chronic diseases worldwide. Both diseases are heterogenous and complex, and despite their similari-
ties, they differ in terms of pathophysiological and immunological mechanisms. Mounting evidence
supports the presence of several phenotypes with various responses to treatment. A systematic and
thorough assessment concerning the diagnosis of both asthma and COPD is crucial to the clinical
management of the disease. The identification of different biomarkers can facilitate targeted treatment
and monitoring. Thanks to the presence of numerous immunological studies, our understanding
of asthma phenotypes and mechanisms of disease has increased markedly in the last decade, and
several treatments with monoclonal antibodies are available. There are compelling data that link
eosinophilia with an increased risk of COPD exacerbations but a greater treatment response and
lower all-cause mortality. Eosinophilia can be considered as a treatable trait, and the initiation of
inhaled corticosteroid in COPD patients with eosinophilia is supported in many studies. In spite
of advances in our understanding of both asthma and COPD in terms pathophysiology, disease
mechanisms, biomarkers, and response to treatment, many uncertainties in the management of

obstructive airways exist.

Keywords: COPD; asthma; biomarker treatment; response

1. Introduction

Chronic obstructive pulmonary disease (COPD) and asthma affect more than 600 mil-
lion individuals globally. Although COPD and asthma are heterogenous and complex
diseases that share similarities concerning symptoms, inflammation, and airflow limi-
tation, they also differ with regard to certain key features. Asthma is characterized by
variable airflow limitation, airway hyperresponsiveness, and airway inflammation [1]. It
has several phenotypes with distinct aetiologies that can be classified based on triggers,
clinical presentation, and inflammatory type [2]. Asthma was previously thought to be
characterized by eosinophilic inflammation, but it is now recognized that characteristics
of asthma can be present without eosinophilic inflammation [2,3]. COPD is characterized
by chronic inflammation of the lungs with the presence of neutrophils, macrophages, and
T-lymphocytes. The T-lymphocytes consist mostly of TH1, TH17, and cytotoxic T cells [4].
Based on the idea that COPD is characterized by neutrophilic inflammation, the presence
of eosinophilic airway inflammation has been used to discriminate between asthma and
COPD. However, this notion is flawed because around 40% of COPD patients exhibit
eosinophilic inflammation even when adjusting for asthma [5]. These patients exhibit char-
acteristics similar to those of asthma patients, and the term asthma—COPD overlap (ACO)
has been used to describe this subset of patients who simultaneously exhibit characteristics
of both diseases [6].
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This overlap between asthma and COPD presents many challenges, as different
aetiologies with different treatment needs can present with similar symptoms. Thus, distin-
guishing between allergic inflammation, bacterial infection, and other disease phenotypes
is crucial to providing optimal treatment as well as reducing the burden and side effects of
ineffective treatment.

The identification of the various phenotypes makes it possible to take an individual-
ized approach to clinical decision making when treating patients with asthma and COPD.
The need for predictive biomarkers has become increasingly vital to identifying patients
who are most likely to achieve clinical benefit and minimum side effects [7]. Thus, the
aim of this study is to review the identified treatment response biomarkers in asthma and
COPD.

2. Biomarkers in Asthma

Asthma has long been classified as either atopic (“extrinsic”) or non-atopic (“intrinsic”)
asthma but is now considered an umbrella diagnosis for various diseases with different
endotypes (underlying immunological mechanisms) and phenotypes (e.g., atopy, obesity
and age). Cluster analyses of data from large cohorts have led to two major asthma
endotypes, T2-high and non-T2-high asthma [8,9].

2.1. T2-High Asthma

Reduced barrier function in the respiratory epithelium seems to play an important
role in T2-high asthma, as microbes and allergens activate epithelial-derived alarmins, such
as thymic stromal lymphopoietin (TSLP), interleukin (IL)-25, and IL-33 [10]. Activation of
these upstream cytokines results in several type 2 immune responses. TLSP activates T- and
B-cell responses, while IL-25 and IL-33 activate innate lymphoid cells (ILCs), which play
a crucial role in the production of IL-5 and IL-13 [11]. The principal cytokines produced
by Th2-cells are IL-4, IL-5, and IL-13 [12]. These cytokines are involved in numerous
immunological processes, such as the production of downstream cytokines (IL13 and
IL-4), activation of mast cells (IL-13), B-cell activation to undergo immunoglobulin E
(IgE) isotype switching (IL-4), and maturation and survival of eosinophils (IL-5) [13] and
subsequently promote pathophysiological changes, such as increased mucus secretion,
airway hyperresponsiveness, inflammation, and tissue remodelling [3,14]. Thus, both
Th2-cells and ILCs are involved in type 2 inflammation, which is manifested as high IgE
and eosinophils in asthma.

Corticosteroids are the cornerstone of asthma treatment and result in clinically signifi-
cant improvements in lung function, symptom control, and reduction of asthma exacerba-
tions [15]. However, approximately 10% of asthma patients remain uncontrolled in terms of
symptoms and exacerbations despite treatment with high-dose, inhaled corticosteroids in
combination with long-acting 3-2-agonists and long-acting muscarinic-antagonists. For this
group of patients, treatment with monoclonal antibodies targeting some of the cytokines can
significantly improve various clinical outcomes in patients with severe asthma [16]. Omal-
izumab (humanized, monoclonal antibody that binds to circulating IgE molecules) was the
first approved treatment for patients with allergic asthma, followed by treatments targeting
the IL-5 pathway: mepolizumab (monoclonal antibody that binds to IL-5), reslizumab
(also a monoclonal antibody that binds specifically to IL-5), and benralizumab (monoclonal
antibody that binds directly to the IL-5-receptora on eosinophils) [17]. Dupilumab is the
most recently approved biological treatment for severe asthma. Dupilumab blocks the
a-subunit of the IL-4-receptor, which is used by both IL-4 and IL-13 and thus inhibits signal
transduction from these key mediators of type 2 inflammation [18].

2.1.1. Eosinophilia

The prevalence of eosinophilic inflammation among the asthmatic population is 50%
but might be underestimated [19]. Eosinophils are the most important cells associated
with type 2 inflammation, and when activated, they release a number of inflammatory
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mediators from intracellular granules [20], resulting in airway remodelling and bronchocon-
striction [21]. Eosinophil inflammation in asthma is associated with poor prognosis [22]
and, moreover, predicts response to treatment with corticosteroids [23]. Thus, several
biomarkers have been identified and utilized to quantify eosinophilic airway inflammation
and will be discussed in the following sections.

Sputum and Blood Eosinophils

Eosinophilic airway inflammation in induced sputum (cut-off > 3%) is considered to be
a more accurate biomarker of T2-inflammation than absolute eosinophil count in peripheral
blood [24]. An inconsistent association between airway and peripheral eosinophils has been
observed in several studies and might be due to heterogenous study populations [25,26].
The correlation between sputum and blood eosinophils was investigated in a clinical
study including both asthma and COPD patients and showed that the correlation was
better in the asthmatic population [27]. Another study using data from the SPIROMICS
(Subpopulation and Intermediate Outcome Measures In COPD Study) cohort found that
stratification by sputum eosinophils but not blood eosinophils was associated with an
increased risk of COPD exacerbations [28]. However, the presence of blood eosinophils in
both asthma and COPD is associated with accelerated lung function decline and increased
risk of exacerbations [29-31] and serves as a useful biomarker to identity patients with
severe eosinophilic asthma [32] and response to inhaled corticosteroids in COPD [33].

Moreover, as induced sputum for daily clinical practice is laborious and can be
bothersome for the patient, the use of blood eosinophils as a marker of T2-inflammation is
more widely used.

Various cut-off values between 150—-400 cells/puL have been used in the definition of
blood eosinophilia and are able to predict response to treatment with anti-IL-5 in asthmatic
individuals [34-36]. However, mounting evidence suggests that eosinophil count should
be deemed a continuous variable and that higher levels predict a greater response [33].

Furthermore, a post-hoc study examining the stability of blood eosinophils in asth-
matic individuals found that a single measurement might be insufficient in the diagnosis
and management of asthma and that the instability was more pronounced for eosinophil
counts between 150-299 cells/ uL [37].

A study comprising stable COPD patients showed that using a threshold of
>300 cells/ uL in peripheral blood enabled the identification of sputum eosinophilia in 71%
of the patients [38].

Eosinophils and Response to Treatment

Based on the last two decades of research, it is now established that eosinophilia can
be used as a predictive biomarker for both the initiation and discontinuation of treatment
with inhaled corticosteroids [39-42]. A retrospective study of asthmatics from a secondary
care centre showed that inhaled corticosteroids (ICS) reduced both sputum and blood
eosinophils, and clinical improvements were observed in terms of quality of life, forced
expiratory volume in first second (FEV1), airway hyperresponsiveness, and exacerbation
rate in those asthma patients with eosinophilic inflammation [42]. In addition, reducing ICS
among patients with non-eosinophilic inflammation resulted in improved asthma control.
In a 16-week trial with mild-to-moderate asthmatic individuals, sputum eosinophil counts
two weeks after discontinuation of ICS and the change in eosinophil counts from before
and after cessation of ICS predicted subsequent loss of asthma control [39]. A Cochrane
review concluded that the frequency of asthma exacerbations can be reduced by tailoring
the asthma treatment based on sputum eosinophils [41].

Randomized clinical trials have shown that a higher baseline eosinophil count pre-
dicts a greater reduction of severe asthma exacerbations in patients treated with inhaled
corticosteroids [43]. A systematic review and meta-analysis including 61 studies found that
oral corticosteroids improved lung function and reduced asthma symptoms and markers
of type 2 inflammation and that patients with increased sputum and blood eosinophils
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at baseline were more responsive to treatment with oral corticosteroids [44]. In a clinical
study of OCS-dependent asthmatic individuals, several type-2-related biomarkers returned
to baseline levels after month after treatment (0.5 mg/kg prednisolone for 7 days) [45].

The level of blood eosinophils is also the key biomarker in selecting patients for
treatment with monoclonal antibodies targeting the IL-5 pathway. In both the DREAM
(Mepolizumab For Severe Eosinophilic Asthma) and MENSA (Mepolizumab Treatment for
Patients With Severe Eosinophilic Asthma) studies, an eosinophil count of >150 cells/pL
at baseline predicted a better response to treatment with mepolizumab in severe asthma
patients [35]. The pooled analyses of the CALIMA (randomized, double-blind, placebo-
controlled phase 3 trial with benralizumab) and SIROCCO (randomized, multicentre,
placebo-controlled phase 3 trial with benralizumab) studies showed that in severe asthma
patients, blood eosinophils >300 cells/puL and exacerbations in the previous year were
predictors of a greater treatment response compared with those patients with eosinophils
<300 cells/uL [46].

The early efficacy studies on reslizumab included patients with persistent asthma and
blood eosinophils >400 cells/uL and observed significant improvements in the annual
frequency of asthma exacerbations [47] and FEV1 [48].

2.1.2. Fraction of Exhaled Nitrogen Oxide (FeNO)

Nitric oxide is produced in the bronchial airway by inducible nitric oxide synthase
(iNOS) and is mediated by type 2 inflammatory cytokines, such as IL-4 and IL-13 [49].
The measurement of FeNO is widely used as a marker of eosinophilic inflammation in
the airways [50], and when combined with blood eosinophils, it might be useful for
differentiating between COPD and asthma—COPD overlap [51].

A study including steroid-naive asthma patients and healthy individuals found that
the level of FeNO was highest among patients with allergic asthma, followed by non-
allergic asthma and healthy individuals [52]. FeNO is associated with reversibility of airway
obstruction, blood eosinophils [52], and bronchial hyperresponsiveness [53]. Various cut-
off values have been suggested, but it has become evident that values below 25 ppb are not
associated with eosinophil inflammation, whereas values above 50 are strongly associated
with eosinophilic inflammation (Table 1) [54].

A number of factors, such as sex, smoking, atopy, BMI, and chronic rhinosinusitis
with nasal polyps, even in the absence of asthma, can affect the level of FeNO and should
be taken into account in clinical evaluation [55,56].

A three-year follow-up study including severe asthma patients found an association
between patients with sustained high levels of FeNO (>50 ppb) and an increased risk of
asthma exacerbations (shorter exacerbation-free survival time and number of exacerbations)
compared with those with sustained low levels of FeNO (<25 ppb) [57]. Another study that
used data from the same cohort found that among a number of type-2-related biomarkers,
only FeNO was associated with an increased risk of exacerbations [58]. Interestingly, the
association was independent of past exacerbation status.

An early randomized, placebo-controlled trial showed that treatment with inhaled
corticosteroids significantly decreased the level of FeNO compared with placebo after
only two weeks of treatment [59]. The decreased level was sustained during the treat-
ment period (four weeks) and increased significantly after a (two-week) washout period.
Another randomized, open-label clinical trial examined FeNO in relation to spirometry
and sequential changes in relation to inhaled corticosteroids [60] and found that FeNO
but not spirometry was able to differentiate between patients treated with or without ICS.
Moreover, the reduction in FeNO correlated significantly with patients” adherence to ICS.

In a more recent double-blind, randomized, placebo-controlled multicentre study, the
baseline level of FeNO predicted the response to treatment with extrafine ICS in terms of
significant changes in Asthma Control Questionnaire 7 (ACQ-7): for every 10-ppb increase
in baseline FeNO, the change in ACQ-7 was greater in the treatment group than in the
placebo group (difference between groups 0.071 (0.002-0.139), p = 0.04) [61].
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Table 1. Summary table of biomarkers in asthma and COPD.

Biomarker Method of Measurement Indicates Predicts
- Type 2 inflammation
- Eosinophilic inflammation:
- Various cut-off values have been . .
. - Risk of exacerbations
suggested, but the vast majority Response to inhaled
. - Sputum and blood suggest >3% in sputum or P .
Eosinophilia . . corticosteroids
sampling >300 cells cells/puL in blood. R biologi iIoF
. - Response to biologics (anti-IgE,
However, the general conception anti-TL-5, and anti-TL-4R)
is that eosinophilia should be !
considered as a continuous rather
than a binary biomarker
) Neutrophlh'c mflammgtlon - Smaller response to inhaled
- . - Non-type 2 inflammation . . .
Neutrophilia Sputum and blood sampling / . : . corticosteroids compared with
- Associated with obesity and air . e -
. eosinophilic inflammation
pollution
- Type 2 inflammation
- Eosinophilic inflammation: - Exacerbation histor
- Non-invasive device to - FeNO levels <25 ppb: normal . Y
. . o - - Response to inhaled
FeNO measure the concentration of  (eosinophilia is unlikely) corticosteroids
fractional nitric oxide in 25-50 ppb: intermediate .
. e . - Response to anti-IgE and
exhaled breath (eosinophilia is possible) :
. . e anti-IL-4R
>50 ppb: high (eosinophilia is
very likely)
- Response to inhaled
Blood sample or skin prick corticosteroids (levels
IgE test - Atopy >350 K/pL)
- Response to anti-IgE
- Type 2 inflammation and airway - Response to anti-IL-13 (in
Periostin Blood sample remodelling asthmatic individuals with high
- Fixed airflow limitation levels of periostin)
- Shorter duration of antibiotic
treatment, fewer antibiotics
Procalcitonin Blood sample Bacterial infection - Side effects and lower mortality

when used as a tool to guide the
prescription of antibiotics

A number of randomized, clinical trials (RCTs) have assessed FeNO as a tool for
guiding asthma treatment [62,63]. In an Australian RCT including 220 pregnant, non-
smoking asthmatic women, the exacerbation rate was lower in the FeNO-group than in
the control group in which the treatment was adjusted according to clinical symptoms,
incidence rate ratio 0.47 (0.33-0.76), p = 0.001 [62]. A 36-week RCT including 80 asthmatic
Danish adults assessed the utility of a FeNO-guided versus symptom-based treatment
algorithm [63]. The decrease in airway hyperresponsiveness (AHR) from week 8 to 24 was
significantly different in the FeNO-group compared with the control group, suggesting
that the use of FeNO resulted in an earlier lowering of AHR. However, no differences were
observed in week 36.

The data to support a universal use of FeNO to tailor the asthma treatment are
lacking, but FeNO might be useful for guiding treatment for asthma patients with frequent
exacerbations. In the most recent Cochrane review on this subject, Petsky et al. found
significant differences in asthma exacerbations between the FeNO-group versus non-FeNO-
group, rate ratio 0.59 (0.45-0.77), but no differences were observed for symptoms, lung
function, or inhaled corticosteroids [64].
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2.1.3. Immunoglobin E (IgE)

It has been known for decades that the level of immunoglobin E (IgE) is elevated in
allergic asthma patients compared with non-allergic asthma patients [65] and is significantly
related to atopic status [66]. Longitudinal studies have shown an association between
high levels of IgE and impaired lung function in both asthmatic individuals [67] and
non-asthmatic and non-COPD individuals [68]. In a small study including nonsteroid-
dependent asthmatic individuals, treatment with corticosteroids during an exacerbation
resulted in an initial elevation of total IgE and a subsequent decrease [69], whereas serum
IgG was decreased. In a more recent, 44-week randomized controlled trial, asthmatic
individuals with baseline serum IgE > 350 K/ uL obtained greater benefit from inhaled
corticosteroids compared with those with baseline serum IgE < 350 K/ pL (Table 1) [70].

Treatment with anti-IgE (omalizumab) in patients with allergic asthma has been
shown to significantly improve asthma control and lung function as well as reduce ICS
use and exacerbations (Table 1) [71,72]. A high baseline level of IgE is a strong predictor of
response to treatment with anti-IgE in both allergic asthma [73] and chronic spontaneous
urticaria [74]. However, a small, retrospective case-control study showed that treatment
response to omalizumab was similar in asthma patients with baseline IgE levels between
30 and 700 UI/mL and IgE levels >700 IU/mL [75].

Although immunological changes in terms of an initial increase in total IgE and
decrease in free serum IgE had already been observed in the first clinical studies with
omalizumab [76,77], the underlying mechanisms have yet to be fully elucidated [78,79].
However, it has been suggested that total IgE, after the initial accumulation, can serve as a
biomarker to monitor IgE production and guide treatment on an individual level [80].

Similar changes in total IgE levels are observed upon treatment with allergen im-
munotherapy, but these changes are not related to the subsequent reduced response to an
allergen [72], whereas an increase in immunoglobin G (especially IgG1 and I1gG4) seems to
play an important role in clinical outcomes, as these subclasses of antibodies compete with
IgE in binding the specific allergen [81].

2.1.4. Periostin

Periostin is a matricellular protein present in the extracellular matrix [82]. Periostin
is considered to be a type-2-related biomarker [83] that is influenced by IL-4 and IL-13.
Moreover, periostin differs from other type 2 inflammatory markers in that it is involved in
airway remodelling and thus can be considered a chronic rather than an acute biomarker.
Serum periostin has been shown to be a biomarker of persistent eosinophilic inflamma-
tion and fixed airflow limitation in asthmatic individuals treated with inhaled corticos-
teroids [84].

A randomized controlled trial comparing the effect of ICS on serum periostin level and
the association with inflammation found that ICS significantly lowered serum periostin [85]
and that the decrease in periostin was associated with improved lung function, decreased
sputum eosinophils, and airway remodelling. The association between periostin and lung
function has been confirmed in other clinical studies [86].

Anti-IL-13 has not yet been approved for the treatment of severe asthma. A phase
2, double-blind, placebo-controlled trial including 219 asthmatic adults found that lebrik-
izumab significantly increased FEV1 compared with placebo and that the improvement
in lung function occurred only in patients with high baseline serum periostin [87]. These
findings are in line with subgroup analyses from other large RCTs with anti-IL-13. In
a 52-week RCT with tralokinumab, patients with pre-treatment levels of periostin had
improvements in asthma exacerbation rate, lung function, and ACQ-6 [88].

2.2. Non-T2-High Asthma

Although many asthmatic patients have signs of type 2 inflammation, a large group
of patients does not. Roughly half of asthma patients show no signs eosinophilic inflamma-
tion [15], and this inflammatory state seems to be stable for at least five years [89]. Non-
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eosinophilic asthma is recognized as a diverse phenotype. It is described as neutrophilic
asthma if neutrophils are elevated in sputum and as pauci-granulocytic asthma if neither
neutrophils nor eosinophils are elevated [15]. Non-eosinophilic asthma is also associated
with a poor response to inhaled and oral corticosteroid treatment [89,90]. Furthermore, it
was shown that the ICS dose could be reduced in two-thirds of non-eosinophilic patients
(defined as sputum eosinophils <3% and blood eosinophils <400/ uL) [91].

Neutrophilic inflammation is a phenotype where the TH2-driven response is replaced
by a TH17-driven inflammatory response. This phenotype is only recently being ac-
knowledged and was previously thought to be a misdiagnosis of COPD or induced by
corticosteroid treatment because it promotes neutrophilic inflammation [92]. No clear
definition of neutrophilic asthma exists, and studies in healthy individuals have shown
that the normal range of neutrophils in induced sputum is between 30-50% [93]. Multiple
measurements and a cut-off value above 5 x 107 /L are suggested [94]. Furthermore, as
airway neutrophilia is related to age in adults, the use of age-specific reference values
is recommended [95]. Neutrophilia is present in 20-30% of the asthmatic population,
although the prevalence varies across regions [96]. This phenotype is more often associated
with smoking [97], obesity [98], and various forms of pollution, air pollution, ozone, and
other pollutants [99,100]. Neutrophilic inflammation may also be caused by acute airway
infections [101], particularly in children [102]. Elevated neutrophil counts have also been
associated with a decrease in microbial diversity [103].

A range of treatment strategies has been suggested for this subset of patients, with
varying efficacy [91]. Smoking cessation has been shown to benefit asthma patients in-
dependent of inflammatory phenotype, but it could be hypothesized that this benefit
would be even more significant for patients with neutrophilic inflammation [104]. Obesity
has also been associated with neutrophilic asthma, and weight loss has been shown to
reduce asthmatic symptoms without changes in inflammatory markers, indicating an
inflammation-independent mechanism for asthma [98,105]. TH2-blocking drugs, such as
anti-IL-5 or anti-IgE, are not viable for non-eosinophilic asthma. A range of other spe-
cific biologics-targeting cytokines, such as TNFa, IL-1, IL-6, and IL-17, have been tried,
but none have yet seen widespread use, and more research is needed to identify safe
and effective drugs [106]. Systemic inflammation has been associated with neutrophilic
asthma, and a microarray analysis has revealed more than 400 genes that are involved
in IL-1, TNF-oc/nuclear factor-«B, and Kit receptor pathway [107]. These findings may
enable a novel treatment strategy for neutrophilic asthma. The AMAZES study (Effect of
Azithromycin on Asthma Exacerbations and Quality of Life) showed that oral azithromycin
significantly decreased exacerbations and improved quality of life in patients with un-
controlled asthma despite medium-to-high-dose inhaled corticosteroids + long acting (3-2
agonist (LABA) [108]. A recent analysis in an AMAZES sub-population showed that base-
line sputum TNF-receptors 1 and 2 were significantly increased in neutrophilic versus
non-neutrophilic asthma and were related to increased age, lower lung function, and worse
asthma control [109]. Azithromycin significantly reduced sputum TNF-receptor 2 and TNF
compared with placebo, particularly in non-eosinophilic asthma.

3. Biomarkers in COPD
3.1. Eosinophil Counts to Guide Use of Systemic Corticosteroids

As seen in asthma, increased levels of blood eosinophils have been associated with
worse clinical outcomes in a range of parameters, such as length of hospital admission, risk
of readmission, and risk of future exacerbation [110-113]. Furthermore, blood eosinophil
counts predict response to corticosteroids [31,114]. Systemic corticosteroids, such as pred-
nisolone, are used in the treatment of acute exacerbations. These drugs can alleviate
symptoms in many cases, but they do not reduce mortality [115]. Corticosteroids are, how-
ever, associated with significant side effects [116]. For this reason, there has recently been a
great deal of interest in using blood eosinophil counts to predict which patients will benefit
from systemic corticosteroid treatment. One study categorized exacerbation as being either
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eosinophilic or non-eosinophilic and showed non-inferiority when replacing systemic
corticosteroids with placebo in the non-eosinophilic group. This algorithm reduced to-
tal corticosteroid use by 49% in the eosinophil-guided group [117]. The CORTICO-COP
trial (Eosinophil-guided Corticosteroid Therapy In Patients Admitted To Hospital With
COPD Exacerbation) used daily blood eosinophil counts to guide corticosteroid use and
compared these patients to a control group receiving a five-day prednisolone treatment.
This algorithm led to a reduction of median treatment duration from five to two days with
no change in the number of days alive and out of hospital within 14 days or the 30-day
mortality [118]. The authors also reported a decreased risk of worsening of pre-existing
diabetes in the eosinophil-guided group compared to the control group.

3.2. Eosinophil Counts to Guide Use of Inhaled Corticosteroids

While systemic corticosteroids are typically used to treat patients admitted with acute
exacerbations, ICS are often used to treat COPD patients to alleviate symptoms and re-
duce risk of exacerbation [119]. While ICS are generally thought to be safer than systemic
corticosteroids, they have been associated with an increased risk of infection and pneumo-
nia [120]. ICS have also been indicated to cause many of the known systemic side effects of
oral corticosteroids, such as cataracts [121,122] and bone demineralization. No randomized
clinical trials have currently shown that blood eosinophil counts can be used to guide
prescription of ICS. However, several post-hoc studies of large clinical trials have shown
that blood eosinophil count might be used as a predictor of response to treatment with
ICS [123,124] These results have made it into GOLD guidelines 2019, which recommend
ICS only for patients with blood eosinophil counts >100 /uL [125]. A post-hoc analysis
of three randomized controlled trials found a greater response to ICS/LABA compared
with both placebo and long acting muscarine antagonist (LAMA) in COPD patients with
baseline blood eosinophils >2% [126]. In another study, Siddiqui and colleagues conducted
post-hoc predictive modelling using data from the FORWARD trial and externally vali-
dated data to examine the association between baseline eosinophils and the effect of ICS
in exacerbations [127]. The authors found that ICS/LABA across all eosinophil levels
reduced COPD exacerbations compared with LABA, and the difference in exacerbation
rate was more pronounced with increasing level of baseline blood eosinophils. Two studies
have investigated the safety of withdrawing ICS, and post-hoc analyses have been done
on the effects of blood eosinophil counts. The SUNSET study found negative effects on
lung function when withdrawing ICS from long-term ICS/LAMA /LABA treatment, but
they found that the negative effects of withdrawal were much less apparent in patients
with blood eosinophil counts of <300/ pL [128]. The WISDOM trial showed no difference
in the risk of COPD exacerbation when withdrawing ICS [129]. However, a post-hoc
analysis of the WISDOM trial showed a higher exacerbation rate after ICS withdrawal
in patients with blood eosinophil counts >300/uL [130]. There is currently one ongoing
multi-centre trial, the COPERNICOS trial (NCT04481555), which aims to assess whether
blood eosinophil counts can be used to guide ICS usage in patients with severe or very
severe COPD, the results of which are expected by 2025 [131]. The intervention group will
have their ICS adjusted every three months based on whether blood eosinophils count is
<300/ pL with the aim of reducing corticosteroid exposure while being non-inferior to the
current treatment regime (COPERNICUS).

3.3. IL-5-Targeted Therapy and Blood Eosinophils

Since a subset of COPD patients present with eosinophilic airway inflammation, it
can be hypothesized that these patients may benefit from the same therapies used in the
treatment of asthma. In the METREX and METREO randomized trials, the efficacy and
safety of mepolizumab were investigated in a population of COPD patients [132]. In
METREX, patients were randomized to placebo or 100 mg mepolizumab every four weeks.
In METREOQ, patients were randomized to either placebo, 100 mg or 400 mg every five
weeks. Neither trial was able to show a significant difference in exacerbation rates or
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secondary outcomes in the whole population, but a post-hoc analysis on patients from
both trials with blood eosinophils >300 /uL showed a statistically significant reduction
of exacerbation rate by 23% in patients receiving 100 mg mepolizumab versus placebo.
Future studies investigating the effect of mepolizumab in the subgroup of COPD patients
are warranted.

A phase 2a randomized trial investigated whether benralizumab could reduce acute
exacerbation in COPD with > 3% eosinophils in sputum [133]. No statistically significant
effect was seen on exacerbation rates, but the sample size of the study was low, and a nu-
merical reduction was seen in patients with blood eosinophils >200/uL. The GALATHEA
(Benralizumab Efficacy in Moderate to Very Severe COPD With Exacerbation History) and
TERRANOVA (Benralizumab for the Prevention of COPD Exacerbations) randomized
phase 3 trials further investigated the effect of benralizumab and were unable to show a
reduction in exacerbation frequency in patients with moderate to very severe COPD with
blood eosinophil counts >220/uL. To date, no trials with reslizumab in COPD patients
have been conducted.

Thus, there are no current indications that IL-5-targeted therapies are a viable strategy
for treating COPD.

4. Procalcitonin as a Tool to Guide Antibiotic Treatment for Respiratory Tract Infections

Procalcitonin (PCT) is a fast-acting biomarker of bacterial infection [134]. Thus, it
has been suggested that PCT could be used in the early detection of bacterial infections
and to guide antibiotic therapy [135]. Antibiotic resistance is a growing concern and
threatens both human health and food security. While the causes of resistance are many,
overuse of antibiotics in humans and livestock is a central component in accelerating the
development of resistance [136]. It is therefore crucial to administer antibiotics only when
the expected clinical benefits overweigh the risk of side effects and resistance. Bacteria
can be isolated from sputum in 40-60% of acute exacerbations of COPD, while acute
exacerbations of asthma are more commonly triggered by other factors, such as allergens,
gastro-oesophageal reflux, and viral infections, though bacterial infection occasionally
occurs as well [137].

Although bacterial infections are uncommon in asthma exacerbations, antibiotics are
heavily prescribed. From 2006 to 2012, 51% of patients admitted with asthma to 383 US
hospitals were prescribed antibiotics [138]. Two clinical trials have looked at PCT-guided
therapy, specifically in the context of asthma exacerbations.

PCT has been used to guide antibiotic usage in both mild [139] and severe [140]
asthma exacerbations without being inferior on clinical outcomes. Both studies used a
protocol where antibiotics were strongly discouraged when PCT was below 0.1 ug/L,
discouraged when between 0.1 pg/L and 0.25 pg/L, and encouraged above 0.25 pg/L.
Antibiotics were prescribed to 80-90% of the control group but to only around half of the
intervention group, leading to a significant reduction in antibiotics. Although bacterial
infections in COPD are estimated to account for roughly half of acute exacerbations,
antibiotics are commonly prescribed, along with systemic corticosteroids, to most patients
presenting with moderate to severe acute exacerbations [31]. This suggests that antibiotics
are overprescribed. Corticosteroids, on the other hand, are known to increase the risk of
pneumonia [120], so it could be hypothesized that systemic corticosteroids are ineffective
or even harmful in patients with acute exacerbations caused by bacterial airway infections.
Research on this topic is limited, but one study found that corticosteroids did not improve
outcomes in patients with diagnosed pneumonia [141]. This finding accords with the
previously discussed fact that corticosteroid response is worse in patients presenting
with neutrophilic inflammation, which is the typical inflammatory pattern of bacterial
infections [142].

A patient-level meta-analysis on 26 trials including a total of 6708 patients investigated
whether PCT was useful as a tool to guide antibiotic usage in all airway infections. This
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analysis showed that PCT-guided therapy was effective in reducing antibiotic prescription
rates, antibiotic side effects, and even mortality (Table 1) [143].

A systematic review from 2017 of 32 RCTs examining procalcitonin to guide antibiotic
usage in airway infections in general found that procalcitonin-guided algorithms led
to lower mortality, shorter duration of antibiotic treatment, and fewer antibiotic side
effects [144].

5. Conclusions

Asthma and COPD compose a great burden for public health worldwide, and the need
for early identification of cases and intervention is still of great importance. Obstructive
airway diseases are a group of complex and heterogeneous diseases. Our knowledge has
evolved markedly due to research over the past 15 to 20 years, and several distinct pheno-
types and endotypes are now described in the literature. The advantages of conducting a
systematic assessment of asthma and COPD become evident when specific and reliable
biomarkers enable the possibility of precision medicine. While type 2-high asthma is the
most well-described endotype, our understanding of non-type-2 is now increasing, and
if specific biomarkers for non-type 2 asthma can be identified, it is reasonable to expect
better treatment options for this group of patients. The role of eosinophilia in COPD is
now established as a valuable biomarker to predict both prognosis and treatment response
and serves as a tool for tailoring the use of corticosteroids for maintenance therapy and
during an exacerbation. To date, evidence for the clinical benefits of monoclonal antibodies
in COPD-patients has not been overwhelming. However, future studies using biomarkers
to identify patients who are most likely to respond are warranted.
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Abstract: Chronic obstructive pulmonary disease (COPD) is a chronic inflammatory disease of the
airways and lung parenchyma with multiple systemic manifestations. Exacerbations of COPD are
important events during the course of the disease, as they are associated with increased mortality,
severe impairment of health-related quality of life, accelerated decline in lung function, significant
reduction in physical activity, and substantial economic burden. Telemedicine is the use of communi-
cation technologies to transmit medical data over short or long distances and to deliver healthcare
services. The need to limit in-person appointments during the COVID-19 pandemic has caused a
rapid increase in telemedicine services. In the present review of the literature covering published
randomized controlled trials reporting results regarding the use of digital tools in acute exacerbations
of COPD, we attempt to clarify the effectiveness of telemedicine for identifying, preventing, and
reducing COPD exacerbations and improving other clinically relevant outcomes, while describing in
detail the specific telemedicine interventions used.

Keywords: telemedicine; telehealth; telemonitoring; COPD; acute exacerbation COPD; diagnosis; prevention

1. Introduction

Chronic obstructive pulmonary disease (COPD) is a chronic debilitating disease of
the airways and lung parenchyma with a prevalence of approximately 380 million cases
worldwide [1]. Itis currently the third leading cause of death, responsible for approximately
6% of the world’s total deaths (approximately 3.3 million annually) [2]. An exacerbation
of COPD (AECOPD) is defined as an acute worsening of respiratory symptoms requiring
additional therapy, usually caused by a viral or bacterial lung infection [3]. AECOPDs are
important events during the course of the disease because they are associated with increased
mortality, severe impairment of health-related quality of life, accelerated decline in lung
function, significant reduction in physical activity, and substantial economic burden [4-6].

Telemedicine is defined as the use of communication technologies to transmit med-
ical data over long and short distances and to deliver healthcare services [7]. The term
telemedicine (from the Greek term “tele” and the Latin “medicus”) was devised in the
1970s by the American Thomas Bird and actually means “treating from a distance” [8]. The
origins of telemedicine date back to 1905, when Willem Einthoven successfully transmit-
ted both the first electrocardiogram and the heart sounds of a volunteer between his lab
and the Academic Hospital in Leiden, the Netherlands by a telephone line [9]. Progress
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in telemedicine has been expedited due to recent technological advances that offer user-
friendly and reliable applications, as depicted in Figure 1. In addition, the need to limit
in-person appointments during the COVID-19 pandemic has caused a rapid increase in
telemedicine services.

Figure 1. The telemedicine ecosystem.

Telemedicine applications in COPD were introduced more than 20 years ago but
have rapidly expanded over the last decade [10]. These applications include tracking
COPD patients for earlier detection of disease exacerbations and early intervention to
prevent deterioration and the need for hospitalization [11]. Given that exacerbations of
COPD are associated with high mortality and morbidity as well as substantial healthcare
expenditures, well-designed telemedicine applications might become a valuable tool for
reducing AECOPDs.

A number of systematic reviews and meta-analyses have evaluated the role of telemedicine
in various clinical outcomes in patients with COPD [7,12-17]. A recent systematic review
and meta-analysis of 22 randomized controlled trials (RCTs) involving 2906 participants
in telemonitoring (TM) interventions for severe COPD exacerbations suggested that the
addition of TM to usual care decreased avoidable emergency department (ED) visits but
was unlikely to prevent hospitalizations due to COPD exacerbations [18]. However, the
authors underline the fact that there was ‘high’ bias in the ‘blinding of participants and
personnel” in the included studies because it might have been difficult for the participants
and personnel to remain unaware of the interventions due to the nature of TM interventions.
In addition, they comment that there was significant clinical heterogeneity between trials
in terms of the study duration, study population, patient recruitment setting, type of
technology used, and TM interventions [18]. Similar diversity in outcomes has been found
among meta-analyses involving various telemedicine interventions in patients with COPD,
attributed to the complexity of telemedicine applications, lack of validated data collection
instruments, and lack of high-quality reporting [11].

The evidence as to whether digital tools are actually effective in early detection and
prevention of AECOPDs seems inconclusive and contradictory. In our comprehensive
review of the literature, we attempt to clarify the effectiveness of telemedicine for the
identification, prevention or reduction in AECOPDs. Specifically, we aim to classify the
studies into those reporting significant improvement in outcomes and those reporting
non-significant ones, and to describe in detail the specific telemedicine interventions used
in each study.

2. Methods

We conducted a search of EMBASE, PubMed, and Scopus databases using the follow-
ing search algorithm (“chronic obstructive pulmonary disease” OR “chronic obstructive
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airway disease” OR “chronic obstructive lung disease” OR “chronic obstructive bronchitis”
OR “COPD”) AND (“telemonitoring” OR “telehealth” OR “telemedicine” OR “telecom-
munication” OR “remote consultation”) AND (“random” OR “trial” OR “randomised
controlled trial” OR “randomized controlled trial” OR “clinical trial” OR “RCT”). Papers
published between 2006 and October 2021 in the English language were considered. C. K.
and A. G. assessed the identified randomized controlled trials (RCTs) studies for suitability.
Among the 325 identified studies, 35 RCTs containing a TM and control group reported
results regarding digital tools in AECOPDs and were considered appropriate for inclusion
in the review.

3. Studies with Positive Results
3.1. Telemedicine Involving Close Healthcare Monitoring

An RCT conducted in Taiwan by Ho et al. [19] including 106 COPD patients showed
a beneficial effect of TM in preventing AECOPDs and related admissions, using an elec-
tronic diary for the intervention group, which was easy to fill, consisting of 8 questions
about symptoms, vital signs, and weight. Based on an algorithm, data were scored and
transmitted to the medical team, while warnings related to the scores achieved generated
notifications if appropriate. TM took place for 2 months, with atotal follow-up of 6 months,
while the control group received the usual care. The time to first readmission for AECOPD
was increased in the TM group as compared with the usual care group (p = 0.026). The
probability of COPD-related readmission was significantly lower in the TM group (hazard
ratio 0.42, 95% CI: 0.19-0.92), and there was a trend for fewer episodes of COPD-related
readmissions (0.19 vs. 0.49; p = 0.11) or ED visits (0.23 vs. 0.55; p = 0.16) in this group. The
first COPD-related ED visit was also delayed (hazard ratio = 0.50). Finally, TM intervention
was associated with significant reductions in the numbers of all-cause readmissions and
ED visits for all causes compared to the usual care group. Investigators attributed the
effectiveness of TM to the items monitored and corresponding algorithm [19].

Kessler et al. [20] included 319 COPD patients with a mean forced expiratory vol-
ume in one second (FEV1) of 37.1% predicted and at least one severe exacerbation in the
previous year. Patients in the telehealth (TH) group were under home monitoring and
an e-health telephone and web platform was applied that transmitted FEV1, heart rate
(HR), pulse arterial oxygen saturation (SPO,) plus daily oxygen use, and respiratory ratio
(RR) data for patients on long-term oxygen therapy (LTOT). Upon deterioration, patients
were contacted by the investigators. No significant difference was observed regarding
hospitalization days, hospital admissions, AECOPDs, six minute walking test (6MWT),
Saint George’s respiratory questionnaire (SGRQ), or hospital anxiety and depression scale
(HADS) scores. Nevertheless in the TH group, acute care hospitalizations and mortality
rate were significantly lower (1.9% vs. 14.2%, p < 0.001), with greater improvements in
body mass index, airflow obstruction, dyspnea, and exercise capacity (BODE) index score
and a higher proportion of patients who quit smoking. One possible explanation for the
mortality rate reduction is that the TH management program may have promoted earlier
intervention, thereby preventing fatal complications of AECOPDs [20].

Koff et al. [21] recruited 40 GOLD COPD stage III or IV patients, administering in
the TM group a pulse oximeter, a FEV1 monitor, a pedometer, and a technology platform
for delivery of education and transmission of the results for 3 months. When a clinical
problem emerged, the coordinator would help facilitate its resolution by providing the
appropriate instructions. Patients receiving integrated care demonstrated a lower number
of hospitalizations and ED visits, improvement of SGRQ, and reduced healthcare costs.
However, the generalizability of the results is limited by the small number of participants
and the short duration of the study [21].

Pedone et al. [22], in an RCT including elderly patients with COPD in stages II and
1II, used a simple, fully automated system that required no effort on the patient’s side and
was able to monitor vital signs several times a day and transmit them to a skilled physician
that could contact and advise the patient when appropriate. In total, 50 patients received
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the intervention and 49 received usual care, who were followed for 9 months. Although
statistical significance was not reached due to the lower incidence of events than expected, a
beneficial effect of home telemonitoring was shown, with a 33% reduction in exacerbations
(incidence rate ratio 0.67, 95% CI: 0.32-1.36) and related admissions (incidence rate ratio 0.66,
95% CI: 0.21-1.86). The only parameter monitored able to identify timely AECOPD was
oxygen saturation. Surprisingly, the average length of stay was shorter for the control group,
possibly because TM helped patients dealing with less severe exacerbations at home [22].

Similarly, Segrelles-Calvo et al. [23] recruited 60 COPD GOLD stage III-IV patients on
LTOT in order to assess the efficacy and effectiveness of a home TH program for COPD
patients with severe or very severe airflow obstruction. TM parameters included oxygen
saturation, HR, and blood pressure (BP) daily and peak expiratory flow (PEF) results three
times a week. In the TH group, reductions in the number of ED visits, hospital admissions,
length of hospitalization, and mortality were observed. The positive results of this study
could be attributed to the combination of TH resources with conventional care and prompt
interventions after an early detection of an AECOPD, together with the coordination of
primary care, pneumologists, and nursing staff. Moreover, the accessibility of the TM
device and the overall satisfaction rate, which was high, led to no withdrawals [23].

Shanny et al. [24] assessed the effects of TM in 42 COPD patients with severe or
very severe airflow obstruction. The TH intervention included measurements of pulse
saturation, temperature, HR, BP, and weight, daily symptoms, electrocardiogram, and
spirometry, with telephone support and home visits. Reductions in the total length of
stay for all admissions, time to first hospitalization, relative risk of ED visit or hospital
admission, and hospitalization costs were observed, while there was also a trend towards
reductions in the numbers of ED visits and hospital admissions [24].

In an RCT with a different design, Sink et al. [25] recruited 168 COPD patients with
mild to very severe airflow obstruction. Patients allocated to the treatment group received
a daily message regarding their breathing status. If a patient responded “worse”, then the
EpxCOPD system immediately triggered an alert to the assighed medical resident provider,
while if they were experiencing a medical emergency, they were advised to present to
the emergency department to seek care. The time to hospitalization was significantly
different between the two groups, favoring the TM group (hazard ratio 2.36, 95% CI:
1.02-5.45; p = 0.043), while the same applied for the number of hospital admissions. The
positive results were associated with the early intervention and proper consultation by the
health staff, leading to the prompt detection and treatment of AECOPDs and finally to the
reduction in hospital admissions [25].

Vitacca et al. [26] studied 101 COPD patients with the need for home mechanical ven-
tilation (HMV) or LTOT and at least one hospitalization for AECOPD in the previous year,
with a mean FEV1 of 39% pred. Patients allocated to the TH group received a pulse oxime-
try device that transmitted pulse saturation data via a telephone modem to a receiving
station, where a nurse was available to provide a real-time teleconsultation, for 12 months.
The on-duty respiratory physician was informed for unscheduled calls and provided a
consultation. The study demonstrated that patients in the intervention group had fewer hos-
pital admissions per month compared with controls (mean (SD) 0.17 (0.23) vs. 0.30 (0.30);
p = 0.019), experienced fewer hospitalizations (p = 0.018), and had a higher probability of
avoiding hospitalization (p = 0.012). Moreover, patients in the TM group had a significantly
higher probability of remaining free from AECOPDs (p = 0.0001), from further urgent
general practitioner (GP) calls (p = 0.013), and from further ED visits (p = 0.003). However,
the mortality rates did not differ between the two groups (p = 0.148) [26].

Clemente et al. [27] performed a randomized clinical trial to examine the role of
telemedicine in monitoring early-discharged and home-hospitalized COPD patients after
an exacerbation. The intervention group underwent TM during home hospitalization
using a multiparametric recording unit. Data on vital constants (electrocardiogram (ECG),
SPO2, HR, BP, temperature, and RR) were transmitted twice per day to the physician in
charge with a subsequent phone call by him concerning their clinical situation, and only
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2 home visits by healthcare staff were performed (intermediate and at discharge). The
control group received daily visits by nursing staff and a final visit from the physician.
Both groups were then followed for six months without TM. The main outcome was time
until first exacerbation; no difference was observed, with a median of 48 days in the control
group and 47 days in the intervention group (p = 0.52). Additionally, during the follow-up
period, no significant difference was observed in the numbers of AECOPDs that both
groups experienced. Notably, the durations of home hospitalization were similar in the
two groups (median 7 days), as were the numbers of readmissions observed. Thus, in this
study, home hospitalization using telemedicine after early discharge proved non-inferior to
conventional home follow-up [27].

A different aspect of how telemedicine can improve the health of COPD patients is
given by the study of de Toledo et al. [28], who used a technological platform called the
Chronic Care Management Center, which consists of a telephone center and a telemedicine
server that gives access to the electronic chronic patient records to all the members of
the care team from any location (patient’s home, hospital, primary care center). The
study lasted for a year and a total of 157 COPD patients were recruited during hospital
admission due to an exacerbation. The intervention group had telephone access to the
system’s center, while the multidisciplinary team caring for these patients had access to
the platform. Follow-up of the control group did not involve phone calls or telemedicine
support for the health providers. Care coordination and telephone support to patients led to
a significant reduction in readmissions (number of patients that did not need a readmission:
51% intervention vs. 33% control; p = 0.04), possibly due to early detection of AECOPD
symptoms. No difference in ED visit number or mortality was demonstrated [28].

3.2. Telemedicine Involving Primarily Self-Management Techniques

Casas et al. [29] showed that integrated care intervention could prevent COPD-related
hospitalizations. Here, 155 COPD patients from two different centers, Barcelona and
Leuven, who had an exacerbation, were recruited immediately after discharge, and 65 of
them were offered integrated care, which consisted of an individual well-defined care plan
shared between the primary care and hospital team, as well as accessibility to a specialized
nurse through a web-based call center. Patients in the intervention arm were educated
before discharge on several issues, including self-management techniques, receiving an
early joint visit from the specialized nurse and the primary care team or regular visits
from their GP, who had been contacted by the primary investigator. They also received
weekly reinforcement calls from the specialized nurse in the first month, while a chronic
platform (a call center coupled to a web-based application providing access to the patients’
records) was accessible by them and primary care providers. Patients in the control arm
were visited by their own physician, usually every six months, without additional support.
During 12-month follow-up, a significantly lower readmission rate was observed in the
intervention group (hazard ratio 0.55, 95% CI: 0.35-0.88; p = 0.01), the percentage of patients
without admissions was greater, while the difference in the rate of admissions per patient
between the follow-up and the previous year was also lower. No survival differences were
found. This positive result was possibly due to a combination of the effectiveness of patient
education programs along with the personalized health plan and higher accessibility to
healthcare professionals [29].

In a different approach, Jehn et al. [30] monitored 32 patients specifically during the
summer period (9 months in total), showing that climate change (heat stress) has a negative
impact on the clinical status, lung function, and exercise capacity of COPD stage II-IV
patients. Interesting remarks were made regarding exacerbations when the TM group was
compared to the control group. More specifically, the TM intervention included a daily
COPD assessment test (CAT), spirometry, and a weekly 6(MWT measured by accelerometry
performed at home. Data were transmitted and reviewed daily, although the study had an
observational character. The intervention group exhibited significantly fewer AECOPDs
during summer (3 for TM vs. 14 for control group; p = 0.006) and over the rest of the
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year. Over the whole 9-month follow-up period, the intervention group had a significantly
lower number of exacerbation-related hospital admissions (7 vs. 22; p = 0.012), spent
significantly less time in hospital due to COPD (34 vs. 97 days), and performed significantly
fewer visits to the pulmonologist (24 vs. 42; p = 0.042). As there had been no medical
intervention, positive results were attributed to better disease awareness and improved
physical condition, possibly due to weekly performance of the 6MWT [30].

Paré et al. [31] included 120 COPD patients with a FEV1 under 45% pred. and at least
one hospitalization in the previous year. A digital device was provided to the intervention
group and the patients had to complete a daily data entry table documenting symptoms
and adherence to prescribed medication for 6 months. Patients were afterwards under
surveillance for the next 6 months, after the initial 6-month period. During the initial
6-month period, the TM group exhibited less ED visits (36% vs. 13% reduction, without
statistical significance) and hospital admissions, shorter length of hospitalization, less home
visits by nurses, and lower healthcare costs [31].

3.3. Telemedicine Involving Telerehabilitation

Dinesen et al. [32] constructed an RCT that showed that telerehabilitation using a
TM device could significantly reduce hospital admissions in patients with COPD. In total,
111 stage III and IV patients were randomized and 60 of them were instructed to use
digital equipment in order to measure, monitor, and transmit vital signs, training inputs
of the rehabilitation program, and spirometry values. All healthcare professionals (GP,
nurses, and hospital doctors), patients, and relatives had access to the data, while once a
month a video meeting was held between healthcare teams to coordinate the individual
rehabilitation programs of the patients. The control group performed home exercises by
themselves, without any contact. The TM program had a duration of 4 months and patients
were followed-up for 10 months in total, resulting in a reduction in admission rate to 0.48
over 10 months compared to 1.17 for the control group (p = 0.041). A trend towards a
longer time to first admission was also observed in the telerehabilitation group. A positive
preventative impact of the study was attributed to the improved self-management of the
illness and interactions among healthcare professionals and the patients with the help
of technology [32].

Tabak et al. [33] performed a pilot RCT including 29 COPD patients with three or
more AECOPDs or one hospitalization for respiratory disease in the preceding 2 years.
Patients in the TH group received a web-based exercise program, an activity coach, a
self-management module, and a teleconsultation module on the web portal for 9 months.
The TH group showed a lower number of hospital admissions, shorter hospitalization stay,
and improvement in the quality of life satisfaction with received care. These findings are
limited in their generalizability by the fact that it was a pilot study, the small number of
participants, and the significantly worse dyspnea levels in the control group [33].

Vasilopoulou et al. [34] recruited 147 GOLD COPD stage II or IV patients with at least
one AECOPD in the year prior to the study. Following the completion of an initial 2-month
pulmonary rehabilitation program, this RCT compared 12 months of home-based mainte-
nance telerehabilitation (n = 47) with 12 months of hospital-based outpatient maintenance
rehabilitation (n = 50) and also 12 months of usual care treatment (n = 50), without initial
pulmonary rehabilitation. Patients in the TM group received an oximeter, a spirometer,
a pedometer, and a video demonstration of the home exercises. The TH intervention led
to lower rates of AECOPDs, hospital admissions, and ED visits; improvement of health-
related quality of life (HRQL); higher functional capacity; and higher daily physical activity
compared to the usual care group. Notably, the results were comparable with the hospital-
based rehabilitation program for all parameters, while the reduction in ED visits was even
greater in the telerehabilitation arm [34]. Table 1 summarizes the characteristics of the RCTs
for TM, which showed positive results.
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4. Studies with Negative Results
4.1. Telemedicine Involving Primarily Close Healthcare Monitoring

Antoniades et al. [35], in a pilot study including 44 patients with moderate to se-
vere COPD, aimed to explore the feasibility of remote monitoring and a possible reduc-
tion in healthcare use when this intervention is added to the standard of care (SOC).
Multiple parameters were monitored daily over a 12-month period (spirometry, weight,
temperature, BP, SPO2, ECG, sputum color and volume, symptoms, and medication
usage) with close revision by a nurse and frequent reminders. Adherence of up to
80% was observed, although the addition of TM did not achieve a significant reduction
in admission rate (SOC 1.5 £ 1.8 vs. TM 1.3 £ 1.7, p = 0.76) or length of hospitalization
(SOC15.6 £19.4 vs. TM 11.4 £ 19.6, p = 0.66). Possible explanations are that the SOC was
not usual but was a very high-quality multidisciplinary referral institution approach to
COPD management, as well as the small size of the study. Nevertheless, patients who
received TM exhibited a significant trend toward fewer admissions during the study period
compared with the previous year (1 (0-2) admission/year during study period compared
to 2 (1-4) admissions/year during the year before, p = 0.052), implying that matching in
terms of history of prior admissions instead of disease severity and smoking habit may
have altered conclusions [35].

Boer et al. [36] recruited 87 patients with two or more AECOPDs, comparing exacer-
bation self-management strategies using either a paper exacerbation action plan (control
group) or an innovative mobile health tool (mHealth group), consisting of a mobile phone,
a pulse oximeter, a spirometer, a thermometer, and a question—answer system, which
provided automated advice based on a decision tree manufactured by experts and with
the help of a Bayesian prediction model (intervention group). In terms of exacerbation-
related outcomes, no differences were found between the two groups in the number of
exacerbation-free weeks, in the number of symptom-based exacerbations, the exacerba-
tions treated with antibiotics or prednisone, the unscheduled healthcare contacts, or the
hospital admissions. Furthermore, no difference in timely action that would prevent an
exacerbation was identified between the two groups. Apart from the small size of the
study, this result could be explained by the small room of improvement left, as both groups
were provided an introductive education session based on the recognition and treatment
of exacerbations [36].

Chau et al. [37] conducted a small 8-week study including 40 older COPD patients with
moderate or severe disease and history of at least one hospital admission for exacerbation
in the past year. Twenty-two patients in the intervention group received a telecare device
kit that monitored SPO2, HR, and RR indices transmitted to a health provider via an online
platform that could act promptly. A high level of user satisfaction was reported but no
significant differences in the numbers of ED visits and hospital readmissions between the
groups were observed. Nevertheless, the very small duration and size of the study did not
permit extraction of safe conclusions [37].

Cordova et al. [38] focused their research on daily symptom reporting using telemedicine
in a 24-month randomized control trial with 79 participants that had been hospitalized
for an AECOPD within the past year or were using supplemental O,. While the 40 pa-
tients in the control group were provided with peak flow meters and electronic diaries for
symptom reporting and had been advised to seek medical assistance if they worsened, the
39 patients in the intervention group received a telecommunication device for symptom
reporting and scoring via a computerized algorithm that included a score “alert”. The alert
was generated when the symptom score reflected a significant alteration of the baseline
symptoms, initiating appropriate medical intervention that was available 24 h/day. The
symptom assessment included PEF; dyspnea; and sputum quantity, color, and consistency.
Coughing, wheezing, sore throat, nasal congestion, and temperature were considered
minor symptoms. Although there were no differences in hospitalization rates, hospital-
ization durations, times to first hospitalization, or mortality rates between groups, acute
exacerbation symptoms were significantly different, with the intervention group reporting
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significantly fewer moderate and severe symptom days (p < 0.0001). The failure to show
either a mortality benefit or reduction in hospitalization days was attributed by the authors
to the slow recruitment rate and to a lower hospitalization rate observed across both groups
due to the optimized care [38].

De San Miguel and colleagues [39] attempted to show that self-monitoring combined
with remote monitoring via a TH instrument that measured COPD patients’ vital signs
could make a difference in health service utilization. In this RCT, which had a duration of
6 months and included 80 patients, BP, weight, temperature, HR, and oxygen saturation lev-
els were measured and transmitted automatically to the Internet, along with patients” daily
answers related to their health, which became available to the TH nurse daily. Information
triggered an intervention when appropriate, while the parameters were also made available
to each participant’s physician. The intervention group had fewer hospitalizations and ED
presentations (almost half), as well as a reduced length of in-hospital stay (77 fewer days in
total), with a significant impact on health costs. However, the study did not reach statistical
significance, possibly due to the fact that it was performed in the summer period, when the
hospital admission rate was lower than expected [39].

Jakobsen et al. [40] compared home-based TH hospitalization in patients with severe
COPD that were admitted with an acute exacerbation and had an expected hospitalization
of more than 2 days to standard in-hospital treatment. Patients needing non-invasive or
invasive mechanical ventilation or intravenous antibiotics, had pH < 7.35, or with serious
comorbidities were excluded. This was a non-inferiority study and treatment failure was
defined as readmission due to COPD within 30 days after discharge. The intervention
group (29 patients) were provided with a touch screen with a webcam, pulse oximeter,
spirometer, thermometer, and medicines, and participated in daily scheduled virtual ward
rounds, while acute contacts were possible through a “call hospital” button. The control
group (28 patients) was hospitalized as usual. The study did not meet the primary endpoint,
which was a treatment failure rate less than 20% higher than that of the control group. A
possible explanation for this is the small sample size. No participants died within 30 days of
the discharge and 3 patients returned to the hospital due to technical failure, hyponatremia,
and nebulizer failure [40].

Another Spanish study by Jodar-Sanchez et al. [41], including 45 GOLD stage III-1V
patients with at least one severe exacerbation in the previous year, showed no benefit from
TM in terms of preventing serious exacerbations. The investigators included patients with
advanced COPD treated with long-term oxygen therapy. The intervention group measured
daily vital signs and spirometry twice a week, while transmitted measurements were
followed and evaluated and clinical responses were generated by alerts. Although a small,
non-significant reduction was observed in the number of ED visits, hospital admissions
were not fewer and most of the patients admitted had previously visited the ED. It was
noted that 33% of the serious exacerbations leading to hospitalization occurred during
weekends and holidays when the TH program was interrupted, a fact that should be taken
into consideration in future studies [41].

McDowell et al. [42] recruited 110 GOLD stage II-III patients with at least two ED
admissions, hospital admissions, or emergency GP contacts in the 12 months before the
study. The TM device recorded BP, HR, and SPO2 for six months and patients answered
questions relating to symptoms (difficulty in breathing, cough, sputum, tiredness). If an
alert occurred, a nurse contacted the patient and provided advice; if further escalation was
necessary, the nurse contacted the respiratory physician, who decided whether a home visit
or an ED admission was required. There were no significant differences between the two
groups in exacerbations, hospital admissions, ED visits, total GP calls, EQ-5D quality of life
scores, or HADS depression scores, and the intervention was not cost-effective. However,
the SGRQ score improved significantly in the TM group compared to usual care, exceeding
the minimum clinically important difference of at least four units (mean difference 5.75,
95% CI: 2.32-9.18; p = 0.001), and the same applied for the HADS anxiety score (p = 0.01).
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The negative results regarding AECOPDs, hospital admissions, ED visits, and total GP calls
could be attributed to the short duration of the TM (6 months) [42].

Pinnock et al. [43] included 256 COPD patients with admission to the hospital with an
AECOPD in the previous year. Patients in the TM group completed a daily questionnaire
regarding symptoms and use of treatment, and SPO2 was monitored. For the symptom
scores, the patients were asked to assess whether their dyspnea, cough, wheeze sputum
purulence, and volume had increased and if they had a fever or had developed an upper
respiratory tract infection. No significant difference was observed in the time to first
hospitalization, time to first hospitalization with an AECOPD or all cause death, number
and duration of hospital admissions with an AECOPD, number and duration of admissions
for any cause, number of exacerbations self-reported by participants, HRQL, anxiety, or
depression. However, patients in the TM group exhibited a significantly lower number of
deaths and higher use of healthcare resources [43].

Rose et al. [44] evaluated the effectiveness of a multi-component intervention including
individualized care action plans and telephone consults (12-weekly then 9-monthly) for
reducing emergency department visits. In total, 470 COPD patients with one or more
ED visits or hospital admissions for AECOPD in the previous 12 months and two or
more prognostically important COPD-associated comorbidities were randomized. The TH
intervention had no impact on either the number of ED visits or the number of hospital
admissions. However, TH significantly reduced mortality, a finding that could not be fully
explained by the authors [44].

Rinbaek et al. [45] recruited 281 COPD GOLD stage III-1V patients with one hospital
admission due to AECOPD within the previous 36 months or treated with LTOT for at
least 3 months. Patients allocated to the TM group were provided a tablet computer with
a web camera, a microphone, and measurement equipment (spirometer, pulse oximeter,
and mMRC scale), while patients reported changes in dyspnea and sputum color, volume,
and purulence. There was no significant difference between the two groups in number
of hospitalizations, AECOPDs, ED visits, length of hospitalization, all-cause hospital
admissions, time to first hospital admission, or all-cause mortality. Patients in the TM
group demonstrated a significantly lower number of visits to the outpatient clinic and
a significantly higher number of AECOPDs requiring treatment with systemic steroids
and antibiotics but not admission to hospital. The negative results of the study could be
attributed to the short duration of the TM (6 months) [45].

In a similar RCT, Soriano et al. [46] recruited 229 COPD GOLD stage III-1V patients
with LTOT and two or more moderate or severe AECOPDs in the previous year, with
or without hospitalization. Patients in the TM group received a pulse oximeter, a blood
pressure gauge, a spirometer, a respiratory rate, and an oxygen therapy compliance monitor
connected to the oxygen feed from their main oxygen source. No significant difference
in number of AECOPDs, ED visits, hospital admissions, mortality, health related costs,
or quality of life was observed. However, there was a trend towards shorter lengths of
hospitalization and days in intensive care unit. The negative results of the study could be
attributed to the fact that patients in the TM group had more hospital admissions in the
previous year, the reduced primary care integration (since it was a multicenter study), and
the high sensitivity of the clinical alert threshold applied to the TH group, which may have
increased ED visits and hospital admissions due to false alerts [46].

Vianello et al. [47] recruited 315 COPD GOLD stage III-1V patients with a mean FEV1
of 41.9% pred. at the time of discharge from hospital after an AECOPD episode or while
attending the outpatient respiratory medicine clinic. A finger pulse oximeter and a gateway
device for data transmission over a telephone line to a central data management unit
were applied to the patients for a 12-months period. When the transmitted values were
considered out-of-range, the clinical staff were alerted and the patient was contacted. The
readmission rate for AECOPD was significantly lower in the TM group compared to the
standard care group (incidence rate ratio 0.43, 95% CI: 0.19-0.98; p = 0.01), and the same ap-
plied for the number of appointments with a pulmonary specialist (incidence rate ratio 0.82,
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95% CI: 0.67-1; p = 0.049). However, the number and duration of hospitalizations due to
AECOPD or any other cause, the number of ED visits, and the number of deaths did not
differ significantly between the two groups, and neither did TH improve the quality of life
or emotional distress. The possible explanations for the negative results were firstly the
very low number of hospital admissions, which did not leave enough space for further
reductions as a result of a TM intervention, and secondly that changes in HR and SPO2,
which are used as markers of an unstable clinical condition, are often unable to reflect
changes in patient health status, leading to underestimation of AECOPDs [47].

Walker et al. [48] included 312 patients with COPD GOLD stage II or higher and
a history of AECOPD, with or without hospitalization in the previous 12 months, from
5 European countries, applying the CHROMED monitoring platform for 9 months at ap-
proximately the same time each day. The platform comprised a device that measured
within-breath respiratory mechanical impedance using the forced oscillation technique, a
touch screen computer, and a mobile modem. When an alert was generated, a variety of
actions were possible, ranging from no action to taking a course of antibiotics or corticos-
teroids or face-to-face assessment. There was no difference between the two groups in time
to first hospitalization, number of hospitalizations, number of moderate exacerbations, or
number of patients free from hospital admission. However, among patients previously
hospitalized for AECOPD, there was a 53% reduction in the hospitalization rate in the
treatment group compared with the control group (0.85 vs. 1.88 admissions/year; p = 0.017).
The negative results of the study could be attributed to the low number of hospitalizations
and the variation between different healthcare systems [48].

Telemonitoring requires commitment and appropriate training of the study team in
order to help COPD patients and to extract safe conclusions regarding the intervention’s
role in preventing exacerbations. This was shown in a pilot study by Bentley et al. [49],
which demonstrated a negative impact of TM when comparing to face-to-face visits. The
SOC team received 6 home visits after discharge, while the intervention team used TH
equipment that could monitor and transmit vital signs to the study clinicians after the third
visit. The intervention lasted 8 weeks. An increase in hospital admissions (34% vs. 16%) and
a higher duration of hospitalization were reported during the 8-month follow-up period.
The study had serious issues, such as slow recruitment and gaps in data collection due to
problems related to research team dedication (a frontline clinical team who experienced a
60% loss of staff capacity during the study) and inadequate staff training [49].

4.2. Telemedicine Involving Primarily Self-Management Techniques

Self-management supported by a digital health system did not improve exacerbation-
related outcomes in the study by Farmer et al. [50]. A fully automated, Internet-linked,
tablet-computer-based system for monitoring and self-management support was provided
to 110 patients with moderate to very severe COPD, while 56 patients received the usual
care. The intervention consisted of the monitoring of oxygen saturation and HR; a daily
symptom diary with questions regarding general well-being, cough, breathlessness, spu-
tum, and use of medications; monthly mood screening questionnaires; and training videos
with inhaler techniques, pulmonary rehabilitation exercises, and self-management tech-
niques for breathlessness. Safety thresholds for vital signs, symptoms, or psychological
scores generated “alerts” and data were reviewed by a member of the respiratory team
twice weekly. The study duration was 12 months. The primary outcome related to quality
of life improvement was not achieved and no reduction in the number of exacerbations was
seen in the intervention group. The relative risk of hospital admission for the digital health
group was 0.83 (0.56-1.24, p = 0.37) and no reduction in the use of healthcare services was
noticed, except for fewer visits to the GP practice nurses (1.5 for digital health versus 2.5 for
usual care, p = 0.03) [50].

Lewis et al. [51] included 40 COPD GOLD stage II-III patients after completing
at least 12 sessions of pulmonary rehabilitation. In the TH group, oxygen saturation,
temperature, and symptoms were recorded daily for 26 weeks. There was no difference
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between the two groups in ED visits, hospital admissions, or hospitalization days during
the monitoring period; however, in the TM group, fewer primary care contacts for chest
problems (p < 0.03) were documented. The small size of the study, the short duration,
and the fact the participants in the TM group were stabilized, since they had completed
the pulmonary rehabilitation course, could have contributed to the negative results of
the study [51].

Rassouli et al. [52] recruited 168 COPD patients with a mean FEV1 of 51%. Patients in
the TH group completed CAT scores weekly and answered six questions focused on the
detection of AECOPD daily. There was no difference in favor of the TH group regarding
total number of AECOPDs, hospital admissions, or ED visits. Nevertheless, in the TH group,
the rate of CAT increase was significantly reduced, more moderate AECOPDs were detected,
the satisfaction with care was higher, and there was a trend towards shorter length of
hospitalization and reduced COPD-related costs. The negative results regarding AECOPD
outcomes resulted from the fact that the study’s primary outcome was difference in weekly
CAT score, so there was insufficient statistical power to show significant differences, which
could be achieved by including considerably more patients [52].

In an RCT with a different approach, Sorknaes et al. [53] evaluated the effects of 7 days
real-time teleconsultations between hospital-based nurses and patients discharged after
hospital admission for an AECOPD. The study included a total of 266 COPD patients dis-
charged after an AECOPD. Patients in the TM group received a video device, an oximeter,
and a spirometer; they were evaluated daily for one week and received a proper telecon-
sultation from a nurse, initiated 24 h after discharge and with a 26-week follow-up. No
significant difference in total hospital readmissions, time before first readmission, mortality,
time to mortality, hospital readmissions per patient, or hospital days per patient at 4, §, 12,
or 26 weeks after discharge was observed. The negative results could be attributed to the
very short duration of the intervention (7 days) and to the fact that the teleconsultation was
provided only by a nurse through a checklist [53]. Table 2 summarizes the characteristics of
the RCTs on TM that showed negative results.
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5. Conclusions and the Way Forward

The goal of telemedicine is the early identification and diagnosis of AECOPDs and
timely access to appropriate treatment in order to improve patient outcomes. An important
issue for the effective application of telemonitoring in COPD is the parameters monitored in
terms of reliable prediction of an AECOPD (e.g., FEV1, symptoms, pulse oximetry). When
an algorithm is used, the design is even more crucial regarding the satisfactory sensitivity
and specificity of the method. Moreover, the effort that was required from the patients was
not associated with the outcomes of the studies; however, it is likely that patients would
be more compliant to interventions that would require minimal effort on their end. The
results of the negative studies regarding exacerbations, hospital admissions, ED visits, and
total GP calls could be attributed to the short telemonitoring period and the fact that in
most of them, healthcare utilization and exacerbations were not the primary endpoints.
Importantly, the small number of participants may have led to negative results and may
have additionally precluded the extraction of safe conclusions. Additionally, the short
follow-up periods of many studies were not long enough to capture the natural history
of AECOPD, and in our opinion a minimum of 12 months would be required. Moreover,
adherence to inhaled medication, which is enhanced during RCTs, may additionally lead
to reduced AECOPDs and hospital admissions in both intervention and usual care groups,
thereby resulting in non-significant differences. The commitment and appropriate training
of the study team involved in such programs is crucial for successful telehealth services,
while the interruption of monitoring during weekends by healthcare interventions may
have affected the results in some cases, although prevention of exacerbations was reported
without active intervention by the study team, which was attributed to better disease
awareness and self-management. Finally, it is unknown which patients will benefit more
from telemedicine, and larger RCTs are needed with subgroup analysis to define the most
appropriate population for telemonitoring interventions. These studies would need to
be of a proper length and size, and following a multifactorial evaluation would need to
involve the appropriate participants who will adopt these telemonitoring interventions,
which ideally will require minimal patient effort, in order to maximize the engagement
and potential benefits. The proposed characteristics of future studies are summarized in
Table 3.

Table 3. Proposed characteristics of future studies.

° A minimum 12-month follow-up period

° AECOPDs and healthcare utilization should be the primary endpoint

° Appropriate parameters monitored in terms of reliable prediction of an AECOPD (e.g., FEV1, symptoms, pulse oximetry, heart

rate, respiratory rate)

° Large number of participants

e  Subgroup analysis in order to define the most appropriate population for telemonitoring intervention

° Commitment and appropriate training of the study team involved

° Telemonitoring and teleconsultation during the weekends

° Interventions that would require minimal effort on the patients” end would achieve higher compliance
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BODE  body mass index, airflow obstruction, dyspnea, and exercise capacity
CAT COPD Assessment Tool

CSQ8 Client Satisfaction Questionnaire-8

COPD  Chronic Obstructive Pulmonary Disease

ECG electrocardiogram

ED emergency department

FEV1 forced expiratory volume in one second
FOT forced oscillation technique

GP general practitioner

HRQL  health-related quality of life

HR heart rate

HMV home mechanical ventilation

HADS  hospital anxiety and depression scale
LTOT  long term oxygen therapy

PEF peak expiratory flow

PHQ-9 Patient Health Questionnaire

PFTs pulmonary function tests

RR respiratory rate

SES COPD Self-Efficacy Scale

SGRQ  Saint George’s Respiratory Questionnaire
SOC standard of care

SPO2 pulse arterial oxygen saturation
TEMP  temperature

TH telehealth

™ telemonitoring

TTFH  time to first hospitalization
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Abstract: Chronic obstructive pulmonary disease (COPD) is a preventable and treatable disease
that is associated with significant morbidity and mortality, giving rise to an enormous social and
economic burden. The Global Strategy for the Diagnosis, Management and Prevention of Chronic
Obstructive Pulmonary Disease (GOLD) report is one of the most frequently used documents for
managing COPD patients worldwide. A survey was conducted across country-level members of Asia-
Pacific Society of Respiratory (APSR) for collecting an updated version of local COPD guidelines,
which were implemented in each country. This is the first report to summarize the similarities
and differences among the COPD guidelines across the Asia-Pacific region. The degree of airflow
limitation, assessment of COPD severity, management, and pharmacologic therapy of stable COPD
will be reviewed in this report.

Keywords: COPD guideline; Asia

1. Introduction

Although chronic obstructive pulmonary disease (COPD) is a preventable and treat-
able disease, it is associated with significant morbidity and mortality, giving rise to an
enormous social and economic burden. The results from the Epidemiology and Impact of
COPD (EPIC) Asia population-based survey suggest a high prevalence of COPD in the
participating Asia-Pacific territories [1] and indicate a substantial socioeconomic burden of
the disease in this region. Individuals with the disease reported substantial limitations in
their daily activities and loss in work productivity. To address this situation and influence
the behavior of healthcare providers and health policy makers and payers, numerous
organizations have developed clinical practice guidelines (CPG) to assist in the diagnosis
and treatment of COPD. In such an environment, CPG development often relies upon
expert opinion. Conflicting interpretations of the literature regarding COPD management
may result in disparities across guidelines. Local factors, such as the availability of certain
health care services or the cost impact of an intervention, may also influence how local
experts view and apply the published literature during guideline development.

The Global Strategy for the Diagnosis, Management and Prevention of Chronic Ob-
structive Pulmonary Disease (GOLD) report is one of the most frequently used documents
for managing COPD patients worldwide [2,3]. It was developed by using an evidence-
based methodology and expert opinion consensus and is considered the most up-to-date,
comprehensive reference for COPD diagnosis and management. However, a major gap
is that its focus is only in the application of the recommended GOLD strategies for phar-
macological treatment of COPD based on the A, B, C, and D groups. Here, our focus of
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this survey is to determine the degree of consensus in the Asian Pacific region’s practice
guidelines for COPD regarding the diagnosis and management of COPD.

Estimated Prevalence

The prevalence of COPD in the Asia-Pacific countries is estimated at 14.5% in Aus-
tralia [4], 4.4% to 16.7% in China [5-7], and 5.6% in Indonesia [1]; the prevalence of Air
Flow Limitation (FEV1/FVC < 70%) was reported at 10.9% and COPD (after excluding
asthmatics) was 8.6% in Japan [8], 13.4% in Korea [9], 4.7% in Malaysia [1], 5.4% to 6.1% in
Taiwan [1,10], 3.7% to 6.8% in Thailand [11], 3.5% to 20.8% in Philippines [1,12], and 6.7%
in Vietnam [1], respectively (Table 1).

Table 1. Publication year of current and last version of Asia Pacific (APAC) guidelines, and COPD prevalence in the

reviewed APAC countries.

Current version
Last version

Australia/New Zealand * China Indonesia Japan Korea Malaysia Taiwan Thailand Philippines  Vietnam
2017 2011 2018 2018 2009 2020 2010 2009 2009
2007 NA 2009 2014 1998 2011 NA 2003 2009
NA NA NA NA NA 2023 2016 NA 2018
4.4-16.7% 5.6% 8.6-10.9% 13.4% 4.7% 5.4-6.1% 3.7-6.8% 3.5-20.8% 6.7%

Planned next version
COPD prevalence

* Stepwise management table of COPD was published in 2017; Concise Guide for Primary Care (COPD-X plan) was published in 2017.

2. Method

A survey was conducted across country-level members of the Asia-Pacific Society of
Respiratory (APSR) for collecting an updated version of COPD guidelines which were im-
plemented in each country. The APSR sent a questionnaire to members, who were asked to
provide the current local guideline and comparative review of the collected guidelines. Ten
guidelines were reviewed, including those of Australia/New Zealand, China, Indonesia,
Japan, Korea, Malaysia, Taiwan, Thailand, Philippines, and Vietnam, in either English or
national language. The key disease management graphs, flowcharts, and algorithms were
translated into English language for review. Detailed information was completely collected,
including the definition, the approach to diagnosis, severity classification of staging, phar-
macotherapy for stable COPD, and other recommendations. In the Asia-Pacific available
COPD guidelines, Australia, Japan, Korea, Taiwan, and China have revised and updated
guidelines during the period of 2013 to 2020 (Table 1). Guidelines in the other countries
were not revised in the recent three years. We compared the similarities and differences
between these guidelines.

The different methods used to estimate disease prevalence including expert opinion,
patient-reported diagnosis, and symptom-based or spirometry-based methods may affect
the results. In the People’s Republic of China, COPD is one of the most common chronic
diseases in the population older than 40 years of age, with a prevalence of 8.2% in 2007
and increased to 13.6% in 2015 using spirometry-based survey. [5,7] Comparatively higher
prevalence with 13.7% to 13.4% was noted in Korea using spirometry-based survey [9,13].
Another study in the Asia-Pacific region, EPIC Asia population-based survey [1] based
on face-to-face or fixed-line telephone interviews, revealed that the prevalence of COPD
is between 6.2% and 19.1%. Regarding the estimated prevalence rate of COPD in each
country, there is no appropriate method to do this in current status.

3. Results

COPD diagnosis, classification, and treatment recommendation from Taiwan and
China were similar to the GOLD guidelines. The degree of airflow limitation, assessment
of COPD severity, management, and pharmacologic therapy of stable COPD were based
on the GOLD principles. Australia, Japan, and Korea guidelines display some differ-
ences regarding classification and management strategy of stable COPD compared with
the GOLD (Table 2). Besides, Taiwan guidelines have been written based on GRADE
(Grading of Recommendations, Assessment, Development and Evaluations)’s recommen-
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dation, which is the most widely adopted tool for grading the quality of evidence and for
making recommendations.

Table 2. Comparison of GOLD 2015 and APAC guidelines with current version updated after 2011.

Disease Classification and Management

Recommendation Same as GOLD

Major Difference in COPD
Diagnosis Classification

Major Difference in COPD

Treatment Recommendation

1)

Typical symptoms and lung
function assessed in parallel for
COPD severity classification

(2)  FEV140%, 60% and 80% (1) Stepwise management of
; dicted as the cut points of stable COPD; therapeutic
Australia No nge)PD severity P choices appropriately fully
(3) No specified cut points of aligned with disease severity.
mMRC and CAT for
symptom evaluation
China Yes
(1) Typical symptoms and lung
function assessed in parallel for (1) Stepwise management of
COPD severity classification stable COPD; therapeutic
Japan No (2)  No specified cut points of choices not fully aligned
mMRC and CAT for with disease severity.
symptom evaluation
(1) Specified criteria, the
occurrence of exacerbation
(1)  FEV160% predicted as the cut or mMRC >2 despite of
point of high- and low-risk class. current treatment, for add
Korea No (2) Combined GOLD C and GOLD up treatment from first
D into one group (Korean therapeutic choice.
group ‘da’) (2) Mixed treatment
recommendation of GOLD
Cand D for group ‘da.’
Taiwan Yes

3.1. Combined COPD Assessment

The Korean COPD guideline categorizes severity into three groups, Group ga (GOLD
Group A), Group na (GOLD Group B), and Group da (GOLD Group C and D) [13]
(Figure 1). The spirometric cutoff point of FEV1 is 60% predicted to distinct Group ga,
na from Group da. They further divide Group da into two groups with FEV1 < 60%
predicted, but >=50% predicted, or FEV1 < 50% predicted. [14]. Assessment of symptoms
and exacerbation is similar as described in GOLD. In Australia, COPD-X concise guide [15]
for primary care categorizes the severity of COPD into mild (FEV1: 60-80% of predicted),
moderate (FEV1: 40-59% of predicted), and severe (FEV1: <40% of predicted) accompanied
with typical symptoms of varying degree of dyspnea, cough, and limitation of daily activity
(Figure 2) [16]. The rationale was that regular treatment with inhaled corticosteroid (ICS)
can improve symptoms, lung function, quality of life, and reduce the frequency of exac-
erbation for patients with FEV1 < 50% predicted and a history of frequent exacerbations,
observed in several clinical studies [16-18].
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FEV1(%) Exacerbation/yr
=i
or
Da ="
Hospitalization
60 (%)

Ga Na 0~1

mMRC 0~1 mMRC = 2

CAT <10 CAT = 10

Figure 1. Korean COPD classification system and GOLD classification system.

MILD MODERATE SEVERE

+ few symptoms

* increasing dyspnoea
* breathless on moderate S

i * breathless walking on level ground
Typical Symptoms exertion . ) + increasing limitation of daily activities
+ recurrent chest infections . A
+ little or no effect on dail * exacerbations requiring oral
. ¥ conticosteroids and/or antibiotics
activities

Lung Function ~ FEV1= 60~80% predicted FEV1= 40~59% predicted

RISK REDUCTION Check smoking status, support smoking cessation, recommend annual influenza and pneumococcal vaccine
Non-Pharmacological | according to immunization handbook

Interventions I

OPTIMISE FUNCTION Encourage physical activity, review nutrition, provide education, develop GF management plan and initiate
Management of stable COPD regular review

should center around supporting

smoking patients to quit.

Encouraging physical activity
and maintenance of a normal I

weight range are also important. REFER TO PULMONARY REHABILITATION and consider psychosocial needs, agree written action plan
Pulmonary rehabilitation is

recommended in symptomatic

patients.

CONSIDER CO-MORBIDITIES especially osteoporosis, coronary disease, lung cancer, anxiety and depression

Consider oxygen therapy, surgery, palliative
care and advanced care directives

CHECK DEVICE USAGE AND ADHERENCE AT EACH VISIT- Up to 90% of patients don't use devices correctly
Pharmacological ;
Interventions

SHORT-ACTING RELIEVER MEDICATION: Short-acting betaz-agonist (SABA) or short-acting muscarinic antagonist (SABA).
The aim of pharmacological Refer to Table 1 overleaf.

treatment may be to treat

Symptoms {e.g. breathlessness) SYMPTOM RELIEF: Long-acting muscarinic antagonist (LAMA) and/or long-acting betaz-agonist [&LABA L

or to prevent deterioration Refer to Table 1 overleaf. These medicines may also help to prevent exacerbations. **SEE PRECAUTION S~
(either by decreasing

exacerbations or by reducing
decline in quality or life) or EXACERBATION PREVENTION: When FEV1 <50% predicted AND 2 or
both. A stepwise approach is more exacerbations in the previous 12 months, consider commencing inhaled
recommended, irrespective of corticosteroid (IGS)/LABA combination therapy. **SEE PRECAUTIONS*=
disease severity, until adequate

contral has been achieved. Consider low dose theophylline

Based on COPD-X Plan: Australian and new Zeeland Guidelines for the Management of COPD; Australian Therapsutic Guidelines

Figure 2. Stepwise management of stable COPD guidelines in Australia and New Zealand.
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Disease Severity

Pharmacotherapy LAMA (or LABA) LAMA + LABA

{Add theophylline/mucolytic)

< SABA (or SAMA) prn =
Prevention of tobacco smoke exposure, vaccination, improvement/maintenance of physical activity

Induction of pulmonary rehabilitation (educationf/exercisefutrition) and maintenance

Non pharmacotherapy Oxygen therapy
Ventilatory support

Surgical

procedures

3.2. Pharmacologic Management of Stable Disease

In the GOLD guideline, the initial pharmacological management of COPD is accord-
ing to patient group which has different recommended treatments. In the guidelines of
Australia, Japan, and Korea (Figure 2 [15], Figure 3 [19], and Figure 4 [14]), a stepwise
approach of optimized pharmacotherapy for stable COPD is used which recommends a
gradual increase of bronchodilators, inhaled corticosteroids, or other drugs based on a
comprehensive evaluation of symptoms, airflow obstruction, and exacerbation. In Japan’s
2018 guideline, ICS positioning for COPD treatment had been revised from the previous
criteria of FEV1 < 50% of predicted, frequent exacerbation, and concomitant asthma to only
the concomitant asthma (ACO) criterion.

3.3. Non-Pharmacologic Management

Most guidelines had emphasized the importance of pulmonary rehabilitation, long-
term oxygen therapy, and self-management plan including smoking cessation and vacci-
nation. Particularly, Japan’s guideline (fifth edition) discussed the nutrition management
including nutritional impairment, evaluation, therapy, and diet education [19]. COPD
patients whose BMl is less than 90% are suspected to have a nutrition disorder and nutrition
therapy may be indicated. Nutritionists, physician, and nurses should form a team to
provide nutritional guidance.

>

Mild Severe

dyspnea/exacerbation (severity/frequency)

FEV1/exercise tolerance/physical activity

Add ICS {Concomitant Asthma)

® The severity of COPD should be comprehensively assessed on the basis of not only the degree of decrease of FEV, (clinical
stage), but also the degree of impairment of exercise tolerance/physical activity, intensity of dyspnea, and
frequency/severity of exacerbation.

® FEV,, exercise tolerance, and physical activity usually decrease in accordance with increased severity of COPD, and
increased dyspnea and more frequent exacerbation are noted. However, when there is a gap between the degree of FEV,
and other factors, attention should be paid to presence of comorbidities such as cardiac diseases.

® Treatment with medication and non-medication therapies should be given. When medication with a single drug is not
sufficiently successful, LAMA and LABA should be used in combination (use of LAMA/LABA combinations is also allowed).

® |CS should be used in cases with possible concomitant asthmatic conditions. LABA/ICS combinations are also allowed.

Figure 3. Stepwise approach recommended by the fifth edition of Japanese Respiratory Society COPD guidelines.
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FEV, 2 60% pred. and 0~1 exacerbation/year FEV, < 60% pred. or

o 2 2 exacerbation/year
mMRC 0~1 or mMRC = 2 or or history of AE COPD*

CAT < 10 (Ga) CAT 210 (Na) related admission (Da)

SABA as required

LAMA or
First choice SABA as required LAMA or LABAT 24h LABA or ICS/LABA or
LABA + LAMA

Exacerbation or
mMRC 2 2

Add on therapy LAMA + LABAt

LAMA + 24h LABA
Exacerbation or ICS/LABA + LAMA

mMRC 2 2 PDE4 inhibitor

*AE COPD: Acute exacerbation of COPD

tIncluding 24h LABA

tFEV1 < 50%, chronic bronchitis, and history of exacerbation
SABA: Short Acting Beta Agonist

LABA: Long Acting Beta Agonist

LAMA: Long Acting Muscarinic antagonist

Figure 4. Algorithm of pharmacologic treatment in patients with stable COPD in Korea.

3.4. Coexisting Asthma and COPD

Coexisting asthma and COPD are only defined and described in Australia and Japan
guidelines. This Australia guideline recommends that an FEV1 increase over 12% and
200 mL constitutes a positive bronchodilator response. An FEV1 increase >400 mL strongly
suggests underlying asthma or coexisting asthma and COPD diagnosis. Besides, the
diagnosis of asthma—COPD overlap (ACO) has both characteristics of COPD and asthma
(Figure 5).

3.5. End-of-Life ISSUES

GOLD 2013, for the first time, proposed that palliative care may be applied in advanced
severe COPD patients. Among these guidelines in the Asia-Pacific region, Taiwan, Japan,
China [20], and Australia [15] may already have their policies about end-of-life care.
Improving quality of life, optimizing function, helping with decision- making about end-
of-life care, and providing emotional and spiritual support to patients and family are the
main goals. In Taiwan, the National Health Insurance Administration Ministry of Health
and Welfare had programmed hospice-care plans in 2011 and provided in-hospital critical
care facilities for patients with advanced diseases and poor response to regular treatments
instead of home or hospice ward care.
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40 years of age or older, Chronic airway inflammation: post-bronchedilator FEV,/FVC < 70%

[Characteristics of COPD]One of item (1), {2), and (3)

(1

At least 10 pack-years of tobacco smoking or equivalent air
pollution exposure

Variable{over the course of one day, from day to day,
seasonal) or paroxysmal respiratory symptoms (cough,
sputum, and dyspnea)

{2) Present low attenuation area denoting emphysematous (2) History of asthma before 40 years of age
change on chest CT scan 3) FeNO > 35ppb
{3) Abnormal pulmonary diffusingcapacity (%D, .y < 80% {4)-1. Comorbidity of perennial allergic rhinitis
or %D o/V, < 80%) -2. Bronchodilator reversibility (increase in FEV, >12% and >
200mL from baseline)
-3. Peripheral blood eosinophil counts of »5% or 300/pL
-4. Higher IgE (total IgE or specific IQE sensitized to

perennial inhalation antigen)

1. The diagnostic criteria of ACO are having both characteristics of COPD and asthma.
{Characteristicsof COPD; One of item (1), (2}, and (3) of [Characteristics of COPD.] Characteristics of asthma; Two of item (1}, (2}, and (3)
of [characteristics of asthma] f one of items (1), (2}, (3) with two or more of item (4) of [characteristics of asthma.])
2. Diagnosed as COPD when the patient match only characteristics of COPD. And diagnosed as asthma with the remodeling when the patient
match only characteristics of asthma.
3. If you can not determine the characteristics of asthma when diagnosing ACO, it is important to observe the progress of the presence or
absence of features of asthma.
4. Perennial inhalation antigens are house dust, mite, molds, animal scales, feathers, etc. Seasonal inhalation antigens are pollen of tree,
plant, and weed, etc.

Figure 5. Diagnostic criteria of asthma—COPD overlap in Japanese ACO guideline 2018.

4. Discussion

There are several studies evaluating and validating the new GOLD assessment system;
however, uneven distribution of COPD patients and limited data on the clinical outcomes
are noticed under these combined assessments. [21-24] The degree of the COPD Assess-
ment Test (CAT) score of >10 might not be equivalent to that of the mMRC score of >2 for
categorizing patients’ symptoms. [25-28] Neither the 2007 GOLD nor the 2011 classification
scheme has sufficient discriminatory power to be used clinically for risk classification
to predict total mortality at the individual level. [29] Accordingly, some countries have
developed COPD guidelines to build up appropriate strategies for diagnosis, assessment,
pharmacotherapy, and prediction of acute exacerbation and mortality based on evidence

and real-world clinical practice.

The Korean and Australia guidelines stratified the lung function severity and exac-
erbation risk with FEV1 < 60% or > 60% of predicted value. From the validation study
in Korea, it was found that there were many patients (15.3% to 16%) who experienced
exacerbation with FEV1 between 50% and 60% of predicted value. [14] The cutoff point of
an FEV1 50% predicted does not address the heterogeneity in the GOLD Stage II (50%—-80%
predicted). Patients with limited airflow around FEV1 50% to 60% predicted had a more
rapid decline in lung function than patients with FEV1 < 50% in the TORCH study [30,31].
A recent study showed that parameters related to volume, diffusing capacity, and reac-
tance showed break-points around 65% of FEV1 which may have an impact on patients

management plan.

The strategy for stable COPD management was based on lung function severity before
GOLD 2011. A refinement of the ABCD assessment tool had been separated from spiromet-
ric grade from “ABCD” groups in GOLD 2020. A stepwise approach policy is currently
presented in the Japan and Australia guidelines. The management strategy is similar in the
Korea and GOLD guidelines including for symptoms severity and exacerbation frequency.
Moreover, a phenotype-guided treatment policy has been shown in the Spanish and Czech
guidelines. [32,33] Which strategies are optimal in clinical practice guidelines for COPD
management? There were several strategies including lung function-guided, stepwise
approach-guided, GOLD A-D-guided, and phenotype-guided strategies. The optimal
treatment of COPD patients requires an individualized, multidisciplinary approach to the
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lung function severity, patient’s symptoms, clinical phenotypes, biomarkers, comorbidity
evaluation, and needs.

The treatment of patients with COPD in a more personalized way must address
diverse aspects not only related with the disease, but also with its comorbidities, and
current schemes do not offer such personalized medical treatment. Comorbidity evaluation
and management were all mentioned in each Asia country CPG. In the JRS guideline 119],
the comorbidities included systemic inflammation, osteoporosis, musculoskeletal defect,
cardiovascular disorders, gastro-intestinal dysfunction, depression, metabolic disorders,
and obstructive sleep apnea. Additionally, the variability of the clinical presentation
interacts with comorbidities to form a complex clinical scenario for clinicians. Different
comorbidities have different evaluation and management policies. Consequently, the CPG
or consensus should be reached over a practical approach for combining comorbidities and
disease presentation markers in the therapeutic algorithm, in order to improve the quality
of clinical care.

In a previous study, the increased total health expenditure was shown as share
GDP > 7% in Korea, Japan, and Australia in 2007. [34] In Japan, major reforms are needed
to reduce waste and enhance cost-effectiveness. Moreover, a national system to accredit
training programs, including for general practice, has been introduced. [35] The challenges
of the healthcare system in Korea include over-consumption and excessively high frequency
of specialist consultation, which are major problems for the medical system. The govern-
ment and the primary care group seek to strengthen primary care, but this is opposed by the
medical society governed by the specialist group. [35] In Australia, some provider payment
methods were performed such as case payment, diagnostic-related groups, etc. [34]. We
think that guideline differences are driven by the disparities in diagnosis modalities or by
the treatment variations in different healthcare systems and the socioeconomic burden in
each country.

Additionally, diagnosis tools and management of COPD were among the lower
guideline-recommended levels in most of the regions investigated among primary care
physicians or general practitioners (GPs). [36] The survey demonstrated that the GPs” un-
derstanding of COPD was variable and large numbers of GPs have very limited knowledge
of COPD and its management in Asia countries. The percentage for COPD management by
guideline is as follows: Australia 64%, Japan 74%, Korea 54%, and Taiwan 70%. In China,
only 50% of patients with COPD have ever had spirometry tests in tertiary hospitals, and
only 18% had in primary or secondary hospitals. [37] Therefore, from the education system,
clinical practice, and medical impact, there appears to be an optimal strategy developed to
simplify the guidelines for daily practice in each country.

Research evidence has raised concerns that hospital death may be preceded by poten-
tially burdensome and inappropriate hospital admission and aggressive treatments shortly
before death, which could be a threat to better end-of-life care and death. [38—41] On the
other hand, enabling people to have end-of-life care at home compared with end-of-life
care in hospital may incur a potential cost saving. [42,43] The concepts of palliative and
hospice care should be established gradually in regards to diseases with an advanced stage.

APSR Recommendations for COPD Diagnosis and Treatment

1.  COPD is characterized by persistent respiratory symptoms and airflow limitation.
Spirometry is required to make the diagnosis.

2. The severity of COPD should be comprehensively assessed on the basis of the
degree of obstruction severity (FEV1, GOLD stage), impairment of exercise toler-
ance/physical activity, intensity of dyspnea, and frequency/ severity of exacerbation.

3. The goal of pharmacological treatment should be to treat the symptoms (e.g., breath-
lessness) or to prevent deterioration (either by decreasing exacerbations or by reducing
the decline in lung function and quality of life) or both. A stepwise approach is rec-
ommended, irrespective of disease severity, until adequate control has been achieved.
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4. Management of non-pharmacological strategies for stable COPD should center around
supporting smoking patients to quit. Encouraging physical activity and maintenance
of a normal weight range are also important. Pulmonary rehabilitation is recom-
mended in all symptomatic patients.

5. Stepwise management of optimized pharmacotherapy for stable COPD which recom-
mends gradual increase of bronchodilators, inhaled corticosteroids, or other drugs
based on clinical symptoms, airflow obstruction severity, and exacerbation history.

6. ICS should be used in cases with concomitant asthmatic conditions and/or 2 or more
exacerbations in the previous 12 months. LABA /ICS combinations are also allowed.

7. Inthe end-of-life care, improving quality of life and providing emotional and spiritual
support to COPD patients and their family are the main goals.

5. Conclusions

This is the first report to summarize the similarities and differences among the COPD
guidelines across the Asia-Pacific region. The guideline developed in each country would
be based on clinical evidence, experts’ consensus, healthcare insurance, reality of clinical
practice, and the best interests of patients. We hope, through collaboration of research, that
the guidelines will evolve positively and that differences or gaps will diminish with time.
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Abstract: The authors examined predictive properties and the longitudinal stability of blood eosinophil
count (BEC) or three strata (<100 cells/mm?, 100-299 cells/mm? and >300 cells/mm?) in patients
with chronic obstructive pulmonary disease (COPD) for up to six and a half years as part of a hospital-
based cohort study. Of the 135 patients enrolled, 21 (15.6%) were confirmed to have died during the
follow-up period. Episodes of acute exacerbation of COPD (AECOPD) were identified in 74 out of
130 available patients (56.9%), and admission due to AECOPD in 35 out of 132 (26.5%). Univariate
Cox proportional hazards analyses revealed that almost all the age, forced expiratory volume in
1s (FEV7) and health status measures using St. George’s Respiratory Questionnaire (SGRQ) Total
and COPD Assessment Test (CAT) Score were significantly related to these types of events, but the
relationship between age and AECOPD did not reach statistical significance (p = 0.05). Neither BEC
nor the three different groups stratified by BEC were significant predictors of any subsequent events.
There were no significant differences in the BEC between Visits 1-3 (p = 0.127, Friedman test). The
ICC value was 0.755 using log-transformed data, indicating excellent repeatability. In the case of
assigning to strata, Fleiss’ kappa was calculated to be 0.464, indicating moderate agreement. The
predictive properties of BEC may be limited in a real-world Japanese clinical setting. Attention must
be paid to the fact that the longitudinal stability of the three strata is regarded as moderate.

Keywords: inhaled corticosteroids (ICS); chronic obstructive pulmonary disease (COPD); blood
eosinophil count (BEC); eosinophil; the Global Initiative for Chronic Obstructive Lung Disease
(GOLD); acute exacerbation of COPD (AECOPD)

1. Introduction

The question of whether inhaled corticosteroids (ICS) should be administered to
patients with chronic obstructive pulmonary disease (COPD) has been debated for over
three decades [1-4]. It could not have been expected that blood eosinophil count (BEC)
would emerge at the heart of this debate. Some post-hoc analyses of relatively large-
scale clinical trials for studying ICS-containing regimens in patients with moderate and
severe COPD have reported that the BEC is significantly able to predict the response
to ICS since this medication was most efficacious in the prevention of exacerbation in
patients with higher baseline BEC [5-7]. This hypothesis was subsequently investigated
in the development procedures of the single-inhaler triple therapy and the BEC was thus
established as a prognostic biomarker [8-10]. The Global Initiative for Chronic Obstructive
Lung Disease (GOLD) document has changed to reflect these new findings, especially in
Group D, and currently reports that ICS-containing regimens have little or no effect at a
blood eosinophil count of <100 cells/mm?, and that a threshold blood eosinophil count
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of >300 cells/mm? or frequent exacerbation with a threshold blood eosinophil count of
>100 cells/mm? can be used to identify patients with the greatest likelihood of treatment
benefit with ICS [11].

However, the health indicators including biomarkers should be discussed from the
following three different perspectives. First, they can differentiate between people who
have better health and those with worse health (a discriminative property). Second, they
can measure how much the health condition changes (an evaluative property). Third, they
can predict the future outcomes of patients (a predictive property). Therefore, to determine
whether or not the BEC can be regarded as a biomarker in COPD, multifaceted analysis
and evaluation as an outcome marker will be required.

Compared with western countries, ICS may have been less preferably prescribed for
patients with COPD in Japan. In the 5th version of the Japanese guidelines published by
The Japanese Respiratory Society in 2018, the description reads that ICS should be given
only in patients with asthma-complicated COPD or Asthma and COPD Overlap (ACO) [12].
It is reported that the blood eosinophil data from global studies are of relevance in Japan
although there was a slightly lower median eosinophil count for Japanese patients within
multi-country studies [13]. One of the opposing views is that BEC may be liable to variation
and considered to be unreliable as a biomarker [14-24]. The accuracy and diagnostic value
of the BEC may be critical to the selection of appropriate ICS-containing treatments and
should continue to be studied also in Japan.

The authors hypothesized that BEC could predict exacerbation or other subsequent
events even in real-world clinical practice since it has been reported that possible re-
duction of the future acute exacerbation of COPD (AECOPD) by ICS is related to the
blood eosinophil count. In addition to analysis of the absolute number of the BEC,
the counts are divided into the following three groups according to GOLD 2019 thresh-
olds: non-eosinophilic, intermediate and eosinophilic defined as BEC <100 cells/mm?,
100-299 cells/mm? and >300 cells/mm?, respectively. We aimed to investigate how BEC,
or the three strata are cross-sectionally related to other clinical measures at baseline and to
examine predictive properties of the baseline values regarding mortality, AECOPD and
admission due to AECOPD. As a secondary purpose of the present study, it was our objec-
tive to determine the longitudinal stability of their counts. We analysed the longitudinal
stability of the three strata described above from the first to the second visit and from the
second to the third visit.

2. Materials and Methods
2.1. Participants

Participants were recruited between April 2013 and August 2019 from our outpatient
clinic, and they were prospectively followed up until May 2020 as part of a hospital-based
cohort study [25]. The criteria for inclusion were (1) a diagnosis of stable COPD; (2) age over
50 years; (2) current or former smokers with a smoking history of more than 10 pack-years;
(3) chronic fixed airflow limitation defined by fixed ratio, or forced expiratory volume in
1s (FEV) to forced vital capacity (FVC) of less than 0.7 according to the Global Initiative
for Chronic Obstructive Lung Disease (GOLD); (4) regular attendance at the authors’
clinic for more than 6 months to avoid any subsequent changes caused by new medical
interventions; and (5) no changes in treatment regimen during the preceding four weeks.
Eligible COPD patients had their clinical measures including pulmonary function as well as
patient-reported outcomes (PROs) evaluated at entry, and every 6 months thereafter over a
5-year period. When an exacerbation of COPD requiring a change in treatment occurred
within 4 weeks of a reassessment day, the evaluation was postponed for at least 8 weeks
until the patient recovered. Written informed consent was obtained from all participants.

2.2. Measurement

All eligible patients completed the following examinations on the same day. They
underwent a routine blood test and pulmonary function tests while sitting including
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post-bronchodilator spirometry (CHESTAC-8800; Chest, Tokyo, Japan), residual volume
(RV) measured by the closed-circuit helium method, and diffusing capacity for carbon
monoxide (DLcp) measured by the single-breath technique in accordance with guidelines
published by the American Thoracic Society and European Respiratory Society Task Force
in 2005 [26]. The predicted values for FEV; and vital capacity were calculated according
to the proposal from the Japanese Respiratory Society [27]. Participants were also asked
to complete the previously validated Japanese versions of the COPD Assessment Test
(CAT) [28,29], St. George’s Respiratory Questionnaire (SGRQ) (version 2) [30,31], Hyland
Scale and Dyspnoea-12 (D-12) [32-34]. They were self-administered under site supervision
in the aforementioned order (in a booklet form). Disease-specific health status was assessed
using CAT and SGRQ), global health by Hyland Scale and the severity of dyspnoea by D-12.

Outcomes were continuously monitored, and the survival status of all enrolled patients
was assessed up until May 2020. The period from entry to the last attendance or death
was recorded for the analysis. Acute exacerbation of chronic obstructive pulmonary
disease (AECOPD) defined as a worsening of respiratory symptoms that required treatment
with oral corticosteroids or antibiotics, or both, and admission due to AECOPD was
also recorded throughout the individual follow-up periods. The predictive properties of
observational parameters obtained at baseline were analysed in regard to the potential
future events of mortality, AECOPD and admission due to AECOPD. To examine the
predictive properties, FEV; and the SGRQ Total and CAT scores were also analysed as
control indicators [35-38].

On the other hand, to examine the longitudinal stability of BEC, we included all the
patients in whom a differential blood cell count was available at all the study visits 1-3 and
analysed a sequence of data obtained three times in a row at intervals of 6 to 9 months. The
BEC data obtained from participants who missed a visit were excluded from the analysis
of longitudinal stability.

2.3. Statistical Methods

All results are expressed as mean =+ standard deviation (SD) or using median and
interquartile range (IQR). A p value of less than 0.05 was considered to be statistically
significant. Relationships between two sets of data were analysed by Spearman’s rank
correlation tests. The significance of between-group differences among non-eosinophilic,
intermediate, and eosinophilic groups was determined by Steel-Dwass test and Kruskal-
Wallis test. Univariate Cox proportional hazards analyses were performed to investigate the
relationships between the clinical measurements at baseline and subsequent events. Results
of regression analyses are presented in terms of hazard ratio (HR) with corresponding 95%
confidence intervals (CI). Longitudinal stability of BEC was analysed by Friedman test,
intraclass correlation coefficient (ICC) and Fleiss’ kappa. ICC values were calculated using
both log-transformed and raw data, and interpreted as excellent (>0.75), good (>0.60 to
<0.75), fair (>0.40 to <0.60) or poor (<0.40) [39], and Fleiss’ kappa for categorized data as
almost perfect (0.81 to 1.00), substantial (0.61 to 0.80), moderate (0.41 to 0.60), fair (0.21 to
0.40) or slight (0.01 to 0.20) [40].

3. Results
3.1. Cross-Sectional Observation at Baseline

Baseline characteristics of the 135 consecutive patients (123 males) are presented in
Table 1. The average age and FEV| were 74.9 & 6.7 years and 1.70 & 0.54 L, and 31 patients
were current smokers. Eighty-three patients were treated with multiple-inhaler triple
therapy, that is, a combination of long-acting muscarinic antagonist (LAMA) and beta2-
agonist (LABA) and inhaled corticosteroid (ICS), 33 patients with tiotropium bromide
alone, 13 patients with ICS/LABA and 6 patients with no long-acting bronchodilators.
While 96 (71.1%) patients were receiving the regimen for treatment including:

Table 1. Baseline characteristics in 135 patients with chronic obstructive pulmonary disease (COPD) and Spearman’s rank

correlation coefficients with the blood eosinophil count (BEC).
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ICS at baseline, the BEC was not statistically different between patients taking ICS
and those not taking ICS, and some of the other measures were worse in patients with ICS
(Appendix A. Table Al).

Spearman’s rank correlation coefficients were obtained to investigate relationships
between the BEC at baseline and various factors as shown in Table 1. The BEC was not
significantly correlated with clinical, physiological, or patient-reported measures except
residual volume (rs = 0.172, p = 0.047). In pairwise comparisons of the three groups
stratified by BEC (Table 2), there were no significant differences in the measures among
non-eosinophilic, intermediate and eosinophilic groups except that for residual volume
between the intermediate and eosinophilic groups (p = 0.036, Steel-Dwass test). Although
the Kruskal-Wallis test was also performed here, there were no significant differences
among the three groups.

3.2. Predictive Properties of BEC

Of the 135 patients enrolled, 21 patients (15.6%) were confirmed to have died during
the follow-up period, which was an average of 41.9 & 21.8 months, ranging from 3 to 80.
The first episodes of AECOPD were identified in 74 out of 130 available patients (56.9%).
The duration from entry to the last attendance or the first episode of AECOPD averaged
22.3 £ 19.5 months, ranging from 0 to 79. Thirty-five out of 132 available patients (26.5%)
were hospitalized due to AECOPD at least once during the follow-up period of average
31.8 & 22.6 months, ranging from 2 to 79. Table 3 shows the results from the univariate Cox
proportional hazards model in analysing the relationship of the BEC, the three different
groups stratified by BEC and the other major clinical measures with mortality, AECOPD
and admission due to AECOPD. Almost all the age, FEV;, SGRQ Total and CAT Score
were significantly strongly related to these types of events but the predictive relationship
between age and AECOPD did not reach statistical significance. Neither the BEC nor the
three different groups stratified by BEC were significant predictors of subsequent events.
A Kaplan-Meier plot for the three different groups stratified by the BEC associated with
patient survival is shown in Figure 1.
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Table 2. Comparison of clinical indices between eosinophilic, intermediate and non-eosinophilic groups classified by BEC.

Non-Eosinophilic Group Intermediate Group Eosinophilic Group
n =237 n =69 n=29
Blood Eosinophil Count (/mm3) <100 >100 and <300 >300
Age years 74.0 (72.0-80.0) 74.0 (72.0-80.0) 73.0 (69.0-79.0)
BMI kg/m? 22,6 (19.5-24.2) 22.8 (20.8-24.9) 21.8 (20.5-23.8)
Cumulative Smoking pack-years 54.0 (37.5-78.8) 51.0 (38.0-63.0) 50.0 (40.0-71.8)
FVC % pred. 100.4 (87.2-108.5) 97.4 (82.2-109.8) 91.8 (78.0-104.3)
FEV; Liters 1.62 (1.38-1.98) 1.71 (1.38-2.10) 1.62 (1.21-2.07)
FEV, /FVC % 59.1 (48.4-66.7) 60.8 (51.6-64.4) 55.8 (43.8-63.4)
RV § % pred. 123.9 (93.1-137.2) 109.7 (91.7-137.5) 121.9 (115.4-147.7) ***
RV/TLC$§ % 44.4 (39.8-49.7) 433 (37.6-50.6) 1t 449 (41.0-56.0) ***
DLco 1 % pred. 485 (39.3-59.2) 55.3 (41.1-66.8) ** 46.7 (33.7-64.3) ***
PaO, M mmHg 79.3 (72.8-87.1) 77.2 (70.7-81.8) 75.8 (70.8-82.1)
BNP @ pg/mL 27.8 (10.6-46.4) 25.1 (14.1-49.9) 20.4 (8.4-46.7)
SGRQ Total Score (0-100) 19.7 (9.4-28.5) 215 (8.9-34.8) 25.3 (16.3-40.8)
CAT Score (0-40) 8.0 (3.0-12.0) 8.0 (4.0-12.0) 9.0 (5.0-15.0)
Hyland Scale Score (0-100) 65.0 (60.0-75.0) 70.0 (65.0-80.0) 65.0 (50.0-75.0)
D-12 Total Score § (0-36) 0.5 (0.0-2.0) * 0.0 (0.0-1.0) 1.0 (0.0-2.0)

Data are presented as median (IQR). # p < 0.05 versus eosinophilic group (Steel-Dwass test). No significant difference among three groups
with the Kruskal-Wallis test. () One patient receiving oxygen, ? < 5.8 pg/mL considered as 5.7 pg/mL in ten patients, § n = 134, 1 n = 133,
*n=36,*n=68, *** n=28. IQR, interquartile range; SGRQ, the St. George’s Respiratory Questionnaire; CAT, the COPD Assessment Test;
D-12, Dyspnoea-12. The numbers in parentheses denote possible score range.

Table 3. Univariate Cox proportional hazards analyses on the relationship between major clinical measurements and future events.

All Deaths AECOPD Admission Due to AECOPD
(n =135) (n =130) (n =132)
Hazard Ratio 4 Hazard Ratio P Hazard Ratio Val
(95% CI) Value (95% CI) Value 95% CI) pYatue
Blood eosinophil count /mm? 0.999 (0.995-1.002) 0.352 1.000 (0.999-1.001) 0.915 1.000 (0.998-1.002) 0.869
Three different <100/mm? (Ref.) 1 1 1
groups of blood >100/mm? and <300/mm? 0.849 (0.329-2.192) 0.735 1.285 (0.735-2.247) 0.379 1.289 (0.564-2.946) 0.547
eosinophil count >300/mm?3 0.461 (0.118-1.803) 0.266 1.503 (0.773-2.921) 0.230 1.445 (0.542-3.854) 0.462
Age years 1.098 (1.025-1.176) 0.007 1.040 (1.000-1.081) 0.050 1.091 (1.027-1.158) 0.005
FEV; Litres 0.293 (0.126-0.679) 0.004 0.318 (0.195-0.519) <0.001  0.127 (0.061-0.263) <0.001
SGRQ Total Score (0-100) 1.023 (1.001-1.047) 0.043 1.028 (1.014-1.043) <0.001  1.047 (1.027-1.067) <0.001
CAT Score (0-40) 1.067 (1.013-1.125) 0.015 1.066 (1.030-1.103) <0.001  1.144 (1.089-1.203) <0.001

AECOPD, acute exacerbation of COPD; SGRQ, the St. George’s Respiratory Questionnaire; CAT, the COPD Assessment test.

All deaths
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Figure 1. Kaplan—-Meier survival curves based on three strata (non-eosinophilic, intermediate and
eosinophilic groups) defined by BEC at baseline.
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3.3. Longitudinal Stability of BEC

The mean BEC count was 207 + 151/mm? at Visit 1 (baseline), 202 & 125/mm? at Visit
2 and 210 + 173/mm? at Visit 3 in 86 patients whose counts were available for all three visits
(Appendix B. Table A2). There were no significant differences between them (p = 0.127,
Friedman test). The ICC value was 0.755 (95%CI: 0.647-0.833) using log-transformed data,
indicating excellent repeatability while it was 0.596 (95%ClI: 0.482-0.698) using raw data,
suggesting it was fair. To assess the reliability of agreement between three consecutive
measures when assigning to strata, Fleiss” kappa was calculated to be 0.464, indicating
moderate agreement.

At Visit 1 the number of patients in the non-eosinophilic, intermediate, and eosinophilic
groups were 20 (23.3%), 48 (55.8%) and 18 (20.9%), respectively (Appendix B. Table A2).
The changes between strata over consecutive visits and the resulting distributions are
shown in Figure 2. Eleven patients (13%) were persistently non-eosinophilic at all three
study visits, but only eight of the patients (9%) were continuously eosinophilic. On the
other hand, 26 (30%) patients remained intermediate throughout the period.

Visit 1 Visit 2 Visit 3

n=11 (100%)

< 100imm? =0 (0%

W 100immAs < 300imm? n=0 (0%
W 300/mms

n=11 (55%) n=4 [44%)

=0 (45%) n=5 (56%)

n=0 (0%) n=0 (0%)

n=0 (0%)

n=0 (0%)

n=0 (0%)

=4 (443

n=5 (56%)

n=0 (0%)
100

n=20 (23%) =9 (19%) n=2 (%)
=48 (56%) n=33 (B9%) n=26 (79%)
n=18 (21%) =6 (13%) n=5 (15%)
0 50 100
n=0 (0%)
n=4 (57%)
n=2 (33%)

n=0 (0%)

n=0 {0%)
|—D ni=1 (100%)
n=1 (6%) n
n=3 (17%) n
n=14 (76%) n
n=0 (0%)
n=6 (43%)
n=8 (57%)

Figure 2. The number and percentage of patients according to three strata (non-eosinophilic, inter-

(33%)
(33%)
(33%)

mediate and eosinophilic groups) defined by BEC at Visits 1, 2 and 3. The proportions of patients at
Visit 1 are sequentially subdivided according to their BEC at Visit 2, and the proportions of patients
at Visit 2 are sequentially subdivided according to their BEC at Visit 3.
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4. Discussion

In the present study, the predictive properties of BEC were examined for mortality,
AECOPD and admission due to AECOPD using univariate Cox proportional hazards
analysis. Although it was clearly demonstrated that typical outcome measures such
as FEV; as well as health status measure could predict the future event, the BEC was
shown to be a poor predictor. Furthermore, since the cross-sectional relationship of BEC
with clinical, physiological outcome markers was also interpreted as almost negative, the
discriminative properties of BEC have also not been confirmed. These negative results
might give contradictory findings that BEC is a poor predictive biomarker for the response
to ICS in the prevention of AECOPD. Although the association of relative eosinophilia with
exacerbations in clinical trials may be population or circumstance specific, attention should
be paid to the universal fact that BEC is generally considered to be a biomarker for COPD.

To our knowledge, eosinophilic predictor properties of mortality have been examined
in a few cohort studies though the findings have been equivocal [16,41-43]. The prognostic
value was reported to be positive in the CHAIN cohort, the BODE cohort [41] and in two
studies including the Korean Obstructive Lung Disease (KOLD) cohort [16,42], all showing
all-cause mortality was lower in patients with high eosinophil counts compared with those
with values <300 cells/mm?. Conversely, the findings were negative in the Initiatives
BPCO French cohort which was in agreement with our own results (Table 4) [43].

Most cohort studies have continued to pay attention to the association between BEC and
AECOPD [21], but they have also provided inconsistent results. While some have reported a
positive association between BEC with COPD exacerbation frequency [18,44—46], other cohort
studies have reported that there was no evidence of such an association (Table 4) [20,41,43,47].
Although most previous studies were designed to statistically compare the frequency of
AECOPD between groups, the period from baseline to the first exacerbation is intended to
be analysed using the univariate Cox proportional hazards model. Although the present
study had the smallest sample size and thus be a potential weak point (Table 4), the follow-
ing differences among the studies may also have both positive and negative influences on
the results; cut-off levels of the BEC, methods of comparison, a definition of the AECOPD
and study periods. Thus, it is not easy to compare the results obtained from different
studies, and the relationship between BEC and AECOPD has not been established even in
the literature.

On the other hand, some baseline clinical characteristics of COPD according to
eosinophil levels have also been reported. Recent meta-analysis revealed that men, ex-
smokers, individuals with a history of ischemic heart disease, and individuals with a
higher body mass index (BMI) were at higher risk of eosinophilic COPD [48]. Regarding
more COPD-specific health outcome measures, the findings of the SPIROMICS cohort
showed that at baseline, the high blood eosinophil group had slightly increased airway
wall thickness, higher SGRQ Symptom scores, and increased wheezing, but no evidence of
an association with the other indices of COPD severity, such as emphysema measured by
CT density or the CAT [47]. However, the Initiatives BPCO French cohort group reported
that SGRQ Total score was more impaired in lower eosinophilic categories [43]. Korean
investigators found that the high group had a longer six-minute walk distance, higher body
mass index, lower emphysema index measured by CT and higher inspiratory capacity/total
lung capacity ratio (IC/TLC) [42]. In the present study, from cross-sectional observation at
baseline, the relationship between baseline characteristics and the BEC was negative and
comparison of clinical indices between eosinophilic, intermediate and non-eosinophilic
groups classified by BEC was not significantly different except for residual volume, a result
that may be related to the Korean findings regarding IC/TLC.
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Table 4. The predictive properties of blood eosinophil count in subjects with COPD in the literature.

PUb\}i:::ion Reference First Author The Name of the Cohort or Database w?t;sl(;/iiittia(i?ty Assgcé;étglr’gv ith
2016 #45 Vedel Krogh S P(ﬁgigﬁfgf‘“;i%e;‘(finjga&) NA. positive
2017 #41 Casanova C the Cgé%gfg;;? é?:;ozé) and positive negative
2017 7 Hastie AT et 4om) NA. negative
2017 #43 Zysman M Fregg}?ig}‘git}gi{?}%) negative negative
2018 #16 Shin SH the&:g:::gﬁ;;ﬁ‘;fg;gg;“g positive N.A.
o weonw MefommommencLmseohnneSadCOmn e A
2018 #18 Yun JH thg&?lfgzc(fl“: 1(?8;5§ 'ffj;iaers‘d N.A. positive
M9 Mo ogomaercr  eUKClml ke fosontDalnk 0 2453 and USOPRM s o
2020 #20 Miravitlles M a primary Caéif;ﬁiff;’“é;?fﬁ?ifil ;;fz%r;; database in N.A. negative
2020 #44 Tashiro H rs;;‘flffrffi‘éisﬁsﬁg‘f}ﬁ;ffgiﬁgf N.A. positive

The present study Nishimura K the hospital-based cohort at negative negative

NCGG, Japan (n = 135)

AECOPD, acute exacerbation of COPD; n, the number of patients with COPD; N.A., not available.

While it has been reported that BEC is a consistently positive predictor of ICS response,
both discriminative and predictive properties were all non-significant’ in the present
study. Our result may lead to doubts about the utility of BEC as a COPD biomarker.
However, a couple of cohort studies have reported the same findings although there has
been some inconsistency. Some recent review articles have suggested a possible reason in
that randomized controlled trials focus more on frequent exacerbators than cohort studies
including patients with no prior exacerbation history, and that differences in the included

participants may produce the inconsistent results.

The longitudinal stability of BEC with a Fleiss” kappa of 0.464 and an ICC of 0.755 using
log-transformed data was considered to be moderate or excellent, showing similar findings
to previous studies. While Fleiss” kappa has not been reported, ICC has been reported to
be 0.87-0.89 by Southworth et al. [17], 0.84 by Long et al. [19], 0.57 by Yun et al. [18] and
0.55 by Yoon et al. [23]. Although it is reported that log-transformed data were used to
calculate ICC in the former two studies, this was not the case in the latter two manuscripts.
The recent GOLD documents state that a threshold BEC of >300 /mm? can be used to
identify patients with the greatest likelihood of treatment benefit with ICS. In the present
study nearly 20% of patients were assigned to this eosinophilic group at every visit, but
only 9% were continuously eosinophilic over three visits. Of 18 patients assigned to the
eosinophilic group at Visit 1, one was changed to the non-eosinophilic group at Visit 2
and another one at Visit 3. This might suggest that 5-6 % of the eosinophilic group can
be subsequently subject to change to the non-eosinophilic group. On the hand, almost a
quarter were assigned to the non-eosinophilic group at Visit 1, but 13% remained in the
non-eosinophilic throughout all visits. Of 20 patients assigned to the non-eosinophilic group
at Visit 1, none were subsequently changed to the eosinophilic group at Visits 2 and 3.

Greulich T et al. also reported the absolute number and percentage of patients ac-
cording to three groups defined by different thresholds (150 and 300 cells/mm?) at Visits
1, 2 and 3 [24]. They reported that nearly 5% were continuously eosinophilic defined
by >300 cells/mm? over three visits, but 26% remained non-eosinophilic defined by
<150 cells/mm? throughout all visits. It may not be easy to compare the results between
studies due to different thresholds. Therefore, in the use of BEC as a biomarker to guide
the use of ICS therapy for exacerbation prevention, although the treatment choice should
not be based on a one-off BEC measure, the first categorization may often be correct. Of
course, the measurement should be repeated even after the determination of the ICS.

Some limitations of the present study should be mentioned. Most of the issues are
related to the study design. First, the present study was limited by the small sample size and
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distinct male preponderance of the participants. Although the latter is typically observed
in patients with COPD in Japan, generalization of these results to women with COPD
may be uncertain. This study design might exhibit selection bias because we recruited
only patients who could attend our outpatient clinic on a regular basis. It is likely that
we did not include enough of those patients without any subjective symptoms who were
unaware of having COPD, or patients who could not regularly attend our clinic due to the
heavy physical burden. A small proportion of patients with severe or very severe COPD in
the present single-centre study might cause a bias. Furthermore, Mathioudakis AG et al.
recently conducted a post hoc analysis of ISOLDE and found that the BEC change after
ICS administration may predict clinical response to ICS therapy [49]. This hypothesis may
need validation in prospectively designed studies but is inconsistent with the present study
which found that the BEC was not statistically different between patients taking ICS and
those not taking ICS.

5. Conclusions

Previous cohort studies evaluating BEC as a mortality or exacerbation predictor have
provided inconsistent results. Although most studies were designed to statistically compare
the frequency of AECOPD between groups, the period from baseline to death, the first
exacerbation and admission due to AECOPD are intended to be analysed using univariate
Cox proportional hazards model in a hospital-based cohort study. Almost all the age,
FEV;, SGRQ Total and CAT Score were significantly strongly related to these types of
events, but the predictive relationship between age and AECOPD did not reach statistical
significance. Neither BEC nor the three different groups stratified by BEC were significant
predictors of subsequent events. As for longitudinal stability, the ICC value was 0.755
using log-transformed data, suggesting excellent, and in the case of assigning with strata,
Fleiss’ kappa was calculated to be 0.464, indicating moderate agreement. The predictive
properties of BEC may be limited in a real-world Japanese clinical setting. Attention must
be paid to the fact that the longitudinal stability of the three strata is regarded as moderate.
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Appendix A

Table Al. Comparison between ICS administered and unadministered patients.

ICS Administered ICS Unadministered Mann-Whitney’s U Test
n =96 n =39 p-Value
Blood eosinophil count /mm?3 220 £ 174 178 + 124 0.306
FEV; Litres 1.53 +0.48 212 £0.46 <0.001
FEV; % pred. 64.2 £20.1 799 £ 164 <0.001
SGRQ Total Score (0-100) 275+17.1 16.3 £11.8 <0.001
CAT Score (0-40) 11.0+7.0 56 +4.6 <0.001

Data are presented as mean + SD. ICS, inhaled corticosteroids; SGRQ, the St. George’s Respiratory Questionnaire;
CAT, the COPD Assessment Test. The numbers in parentheses denote possible score range.
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Appendix B

Table A2. The distribution or f blood eosinophil count in 86 patients with COPD at Visits 1, 2 and 3.

" . . . s e 75th 25th Non-Eosinophilic Intermediate Eosinophilic

Mean () D (9 Median () Max () Min (*) Percentile (*) Percentile (*) Group Group Group
Visit 1 207 151 169 929 11 271 109 n =20 (23.3%) n =48 (55.8%) n=18(20.9%)
Visit 2 202 125 162 552 9 281 109 n =21 (24.4%) n=45(52.3%) n=20(23.3%)
Visit 3 210 173 166 971 7 270 99 n =22 (25.6%) n =47 (54.7%) n=17(19.8%)

*: Unit is /mm?
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Abstract: Although there have been many published reports on fatigue and pain in patients with
chronic obstructive pulmonary disease (COPD), it is considered that these symptoms are seldom,
if ever, asked about during consultations in Japanese clinical practice. To bridge this gap between
the literature and daily clinical experience, the authors attempted to gain a better understanding
of fatigue and pain in Japanese subjects with COPD. The Brief Fatigue Inventory (BFI) to analyse
and quantify the degree of fatigue, the revised Short-Form McGill Pain Questionnaire 2 (SF-MPQ-2)
for measuring pain and the Kihon Checklist to judge whether a participant is frail and elderly
were administered to 89 subjects with stable COPD. The median BFI and SE-MPQ-2 Total scores
were 1.00 [IQR: 0.11-2.78] and 0.00 [IQR: 0.00-0.27], respectively. They were all skewed toward the
milder end of the respective scales. A floor effect was noted in around a quarter on the BFI and
over half on the SF-MPQ-2. The BFI scores were significantly different between groups regarding
frailty determined by the Kihon Checklist but not between groups classified by the severity of
airflow limitation. Compared to the literature, neither fatigue nor pain are considered to be frequent,
important problems in a real-world Japanese clinical setting, especially among subjects with mild to
moderate COPD. In addition, our results might suggest that fatigue is more closely related to frailty
than COPD.

Keywords: chronic obstructive pulmonary disease (COPD); the Brief Fatigue Inventory (BFI); the
revised Short-Form McGill Pain Questionnaire 2 (SF-MPQ-2); the Kihon Checklist; fatigue; pain

1. Introduction

Breathlessness is undoubtedly believed to be one of the most important perceptions
experienced in subjects with chronic obstructive pulmonary disease (COPD). This is likely
followed by coughing, as well as sputum production, symptoms which are described in
most of the clinical practice guidelines [1]. Antoniu et al. has stated that the most prevalent,
clinically significant extra-respiratory symptom was fatigue, which was reported in 95.7%,
followed by pain in 74.5%, of patients hospitalized for a COPD exacerbation [2]. Upon
closer examination of the published ranking lists of symptoms in subjects with stable
COPD, Walke et al. reported that shortness of breath was followed by physical discomfort,
fatigue, problems with appetite, anxiety, and pain [3]. Blinderman et al. found that lack
of energy was in second place, while dry mouth was third, other pain (non-chest) was
eighth, and chest pain twelfth [4]. Peters et al. also found that around half of patients with
COPD had abnormal fatigue [5]. Guyatt et al. stipulated that one of the four domains
should be named as fatigue during the development of the Chronic Respiratory Disease
Questionnaire (CRQ), the first disease-specific tool for measuring quality of life globally [6].
Thus, although fatigue may be the second most frequent symptom that is reported after
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dyspnoea by subjects with COPD, it is a frequently ignored symptom in daily clinical
practice [7].

Prevalence rates for pain have also been reported to be surprisingly high in subjects
with COPD over the last decade [8-17]. In a systematic review published in 2015, Lee
et al. reported that the pooled prevalence of pain in moderate to very severe COPD was
66% (95% Cl, 44-85%) [18]. Despite these findings, we were unsure of their applicability
to Japanese COPD patients as pain is seldom, if ever, asked about during consultations
in this country; neither has it been included as a primary or secondary endpoint in most
clinical trials. Notwithstanding, a recent review has stated that chronic pain warrants
consideration within clinical practice guidelines for COPD [19].

When interviewing a candidate suspected of COPD, we often ask about breathlessness,
cough, sputum and wheezing but not fatigue or pain. We are aware of only a small number
of chest physicians in Japan who are of the opinion that these symptoms should be asked
about in the consulting room. Although many published reports have studied fatigue and
pain, it is unclear whether they should be checked during every examination. The aim
of this study was to bridge the gap between the literature and daily clinical experience
by gaining a better understanding of fatigue and pain in subjects with COPD. COPD is
occasionally considered to be an accelerated aging disease since it is well known that aging
of the lungs and COPD have many similarities and are sometimes difficult to distinguish
from each other [20]. The frequency of fatigue, as well as breathlessness, is also thought to
increase progressively with advancing years [21-25]. Since the age of patients with COPD
is considered to be much older in Japan than in western countries [26], we hypothesized
that aging could play a role in the appearance of symptoms such as fatigue and pain.
Hence, the secondary purpose of the present study was to examine the prevalence of the
above symptoms and their relationship with frailty in subjects with stable COPD [27,28].

2. Materials and Methods
2.1. Participants

We recruited 89 consecutive patients with stable COPD who attended the outpatient
clinic at the Department of Respiratory Medicine of the National Center for Geriatrics
and Gerontology (NCGG) from August 2018 to August 2020. The inclusion criteria were:
(1) age more than 50 years; (2) smoking history exceeding 10 pack-years; (3) chronic fixed
airflow limitation; (4) regular clinic attendance for more than half a year to avoid any
changes induced by new medical interventions; (5) no uncontrolled co-morbidities and
(6) no variation in treatment in the preceding four weeks. Chronic fixed airflow limitation
was defined as a maximal ratio of forced expiratory volume in 1 s (FEV) to forced vital
capacity (FVC) of under 0.7. All participants gave written informed consent.

2.2. Measurements

Baseline measurements of the participants’ pulmonary function were taken in a single
day. These comprised post-bronchodilator spirometry (CHESTAC-8800; Chest, Tokyo,
Japan), residual volume (RV) using the closed-circuit helium method, and diffusing capac-
ity for carbon monoxide (DLcp) measured by the single-breath technique as reported by
the American Thoracic Society and European Respiratory Society Task Force in 2005 [29].
Calculations of the predicted values for FEV; and vital capacity were performed as recom-
mended by the Japan Respiratory Society [30].

2.3. Assessment of Fatique, Pain, Breathlessness and Frailty

Validated Japanese versions of the following patient-reported outcome measurement
tools were used in the present study; the Brief Fatigue Inventory (BFI) to analyse and
quantify the degree of fatigue, the revised Short-Form McGill Pain Questionnaire (SF-MPQ-
2) for measuring pain, the Dyspnoea-12 (D-12) to assess the severity of breathlessness and
the Kihon Checklist to judge whether a participant is a frail elderly person. Participants

158



Diagnostics 2021, 11, 2029

were asked to complete these self-administered questionnaires under supervision in the
aforementioned order (in a booklet form).

The BFI is a questionnaire originally designed to assess fatigue in cancer patients [31],
but it has also been administered in subjects with COPD [13,32,33]. It consists of 9 numerical
scales ranging from 0 to 10. The first three items in the BFI ask patients to rate the severity
on an eleven-point rating scale with “0” being “no fatigue,” and “10” being “fatigue as bad
as you can imagine.” An additional six items assess how greatly fatigue interferes with
different aspects of daily activities. Each interference item is also scored on an eleven-point
rating scale from “0” (does not interfere) to “10” (completely interferes). A mean BFI
score is calculated as the mean of the intensity and interference items. The reliability of
the Japanese version of the BFI was assessed by Okuyama et al. in the outpatient clinics
of 6 oncology divisions and yielded a Cronbach’s alpha value of 0.96 [34]. Furthermore,
using the same tool, they reported that fatigue severity should be categorized as mild (1-3),
moderate (4-6), and severe (7-10).

Although the Short Form McGill Pain Questionnaire (SF-MPQ) has been reported
to be successfully administered in subjects with stable or exacerbated COPD to quantify
the degree of pain [15], it was revised to the SF-MPQ-2 by adding symptoms relevant to
neuropathic pain and by modifying the response format. It has thus become a tool for
measuring both neuropathic and non-neuropathic pain [35,36]. The SF-MPQ-2 comprises
22 items investigating 4 dimensions: 6 items in Continuous pain, 6 in Intermittent pain, 6 in
Neuropathic pain and 4 in Affective descriptors. Each item has an eleven-point numerical
rating scale from 0 to 10. A lower score indicates less severe pain. For each of dimensions,
scores are calculated by taking the mean of the item ratings included in the scale. The total
score is calculated to be the mean of all SF-MPQ-2 item ratings. The internal consistency, or
Cronbach’s alpha coefficient, of the Japanese version of the SF-MPQ-2 has been reported to
be 0.907 of the total score [36].

To assess the severity of dyspnoea, we used the D-12, which consists of twelve items
(seven physical and five affective), each with a four-point grading scale (0-3), producing a
Total Score (range 0-36, with higher scores representing more severe breathlessness) [37,38].

The authors also administered the Kihon Checklist to judge whether a participant is
a frail elderly person [27,28,39,40]. This is a self-administered questionnaire comprising
25 items in a yes/no question format dealing with instrumental (3 items) and social
activities of daily living (4 items), physical strength (5 items), nutritional status (2 items),
oral function (3 items), cognitive status (3 items), and depression risk (5 items) [39,40]. One
question concerns body mass index (BMI) and is usually self-scored but we calculated this
using data collected at the same time as the pulmonary function tests. The Kihon Checklist
total score, which is a sum of 25 answers, ranges from 0 (no frailty) to 25 (severe frailty)
and patients’ frailty status was classified as robust (0-3), pre-frail (4-7) and frail (8-25), as
reported in the literature [28,39,40].

2.4. Statistical Methods

Cronbach’s coefficient alpha was used to assess internal consistency. Score distribu-
tions of the tools were evaluated with the Shapiro-Wilk test and by inspection of histograms.
Spearman’s rank correlation tests were used to examine relationships between two sets of
data and differences between groups were assessed by the Steel-Dwass test. All p values
less than 0.05 were deemed to be statistically significant. The results are expressed as
mean =+ standard deviation (SD) with some exceptions in the tables.

3. Results
3.1. Characteristics of the Study Subjects

A total of 89 consecutive patients (83 men) with COPD, and a wide range of FEV;
(69.8 £ 21.0%pred) were studied. Seventy-six subjects were former smokers while 13 were
current smokers. Their demographic details, as well as the results of pulmonary function
tests, are shown in Table 1. Using the classification of severity of airflow limitation of the
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Global Initiative for Chronic Obstructive Lung Disease (GOLD) criteria [1], 30 subjects
(33.7%) were in GOLD 1 (defined as FEV; > 80% predicted), 46 (51.7%) in GOLD 2 (50% <
FEV; < 80% predicted), 9 (10.1%) in GOLD 3 (30% < FEV; < 50% predicted) and 4 (4.5%)
in GOLD 4 (FEV; < 30% predicted).

Table 1. Baseline characteristics in 89 subjects with COPD and Spearman’s rank correlation coefficients with Brief Fatigue
Inventory (BFI) and Short-form McGill Pain Questionnaire (SE-MPQ)-2 Total scores.

Correlation Coefficients (Rs) with

Median IOR BFI SF-MPQ-2
Score Total Score
Age years 78.0 74.0-82.0 0.165 0.162
BMI kg/m? 226 20.9-24.4 0.036 0.121
Cumulative Smoking pack-years 60.0 39.0-79.5 0.152 0.112
SVC Liters 3.22 2.54-3.62 —0.247 * 0.089
FEV, Liters 1.69 1.31-2.03 —0.305 ** 0.062
FEV,/FVC % 58.9 48.6-64.2 —0.242* 0.015
RV/TLC D % 42.0 35.3-50.2 0.240 * —0.039
DLco @ mL/min/mmHg 10.86 6.83-13.55 —0.260 * 0.116
PaO, ® mmHg 78.1 71.9-86.6 —0.171 —0.088
Kihon Checklist Total score (0-25) 5 2-9 0.531 *** 0.293 **
BFI score (0-10) 1.00 0.11-2.78 N.A. 0.233 *
SF-MPQ-2 Total score (0-10) 0.00 0.00-0.27 0.233 * N.A.
Continuous pain (0-10) 0.00 0.00-0.00 0.226 * 0.753 ***
Intermittent pain (0-10) 0.00 0.00-0.00 0.165 0.600 ***
Neuropathic pain (0-10) 0.00 0.00-0.50 0.280 ** 0.906 ***
Affective descriptors (0-10) 0.00 0.00-0.00 0.401 *** 0.556 ***
D-12 Total score (0-36) 0 0-1 0.319 ** 0.045
D-12 Physical score (0-21) 0 0-1 0.308 ** 0.049
D-12 Affect score (0-15) 0 0-0 0.409 *** —0.005

% < 0.001, *: p < 0.01, * p < 0.05, D 1 =88, n =286 two patients receiving oxygen; IQR, interquartile range; BFI, Brief Fatigue
Inventory; SE-MPQ-2, Short-form McGill Pain Questionnaire 2; D-12, Dyspnoea-12. The numbers in parentheses denote possible score
range.

3.2. Internal Consistency and Distribution of Scores

The internal consistency of the BFI, SF-MPQ-2 Total, and D-12 Total scores as assessed
by Cronbach’s coefficient alpha was excellent (alpha over 0.9) except for three subscales of
the SF-MPQ-2, which ranged from 0.773 (both Continuous and Neuropathic pain) to 0.877
(Affective descriptors) (Table 2). Frequency distribution histograms of the scores obtained
from the BFI, SE-MPQ-2 Total, and D-12 Total scores are shown in Figure 1 (Shapiro-Wilk
test; p < 0.001, all). They were all skewed toward the milder end of the respective scales.
A floor effect was noted in 22 subjects (24.7%) on the BFI, in 45 subjects (50.6%) on the
SF-MPQ-2 and in 46 subjects (51.7%) on the D-12 Total (Table 2). According to Okayama’s
proposal, the BFI score was 1.00 or more, that is more than mild fatigue, in 47 (52.8%) out
of the 89 subjects.
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Table 2. The internal consistency and the score distribution in the questionnaires.

Items Cronbach’s Score Distribution
Patient-Reported Possible —
Outcomes Score Range (n) « Coefficient Mean SD Median Max Min IQR g?::t %?fl;?tg
BFI score 0-10 9 0.975 1.70 1.92 1.00 6.78 0.00 0.11-2.78 24.7% 0.0%
SF-MPQ-2 Total score 0-10 22 0.934 0.34 0.77 0.00 441 0.00 0.00-0.27 50.6% 0.0%
Continuous pain 0-10 6 0.733 0.35 0.81 0.00 3.50 0.00 0.00-0.00 76.4% 0.0%
Intermittent pain 0-10 6 0.906 0.23 0.75 0.00 5.00 0.00 0.00-0.00 83.1% 0.0%
Neuropathic pain 0-10 6 0.733 0.49 0.91 0.00 433 0.00 0.00-0.50 56.2% 0.0%
Affective descriptors 0-10 4 0.877 0.26 0.97 0.00 6.00 0.00 0.00-0.00 85.4% 0.0%
D-12 Total score 0-36 12 0.960 22 48 0 25 0 0-1 51.7% 0.0%
D-12 Physical score 0-21 7 0.925 1.6 3.0 0 15 0 0-1 51.7% 0.0%
D-12 Affect score 0-15 5 0.964 0.6 1.9 0 10 0 0-0 86.5% 0.0%

IQR, interquartile range; BFI, Brief Fatigue Inventory; SF-MPQ-2, Short-form McGill Pain Questionnaire 2; D-12, Dyspnoea-12.
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Figure 1. Frequency distribution histograms of the Dyspnoea-12 (D-12) Total Score (A), the Brief Fatigue Inventory (BFI)
Score (B) and revised Short-Form McGill Pain Questionnaire 2 (SF-MPQ-2) Total Score (C) in 89 subjects with COPD. The
D-12 is designed for measuring dyspnoea, BFI for fatigue and SF-MPQ-2 for pain. Higher scores in all the tools included

herein indicate more severe impairment. The scores were all skewed toward the milder end of the respective scales.

3.3. Relationship between Fatigue and Physiological or Clinical Factors

Spearman’s rank correlation coefficients (Rs) between the BFI score and physiological
or clinical factors are shown in Table 1. The BFI score may be marginally characterized by
negative correlations with airflow limitation as well as diffusion capacity and by a positive
association with hyperinflation (absolute value of Rs = 0.240 to 0.305). The Kihon Checklist
Total score correlated most strongly with the BFI score (Rs = 0.531). In a comparison
between groups stratified by airflow limitation severity, the BFI score was significantly
different between GOLD1 and GOLD 3+4 (p < 0.05, Steel-Dwass test) but not between
GOLD 1 and 2 nor between GOLD 2 and 3+4 (Table 3). As categorized by the Kihon
Checklist total score, there were significant differences in the BFI scores between groups
with and without frailty (Table 4).

3.4. Relationship between Pain and Physiological or Clinical Factors

There were no statistically significant correlations between the SF-MPQ-2 Total scores
and clinical and physiological factors (Table 1). However, there was a significant correlation
between the SF-MPQ-2 Total scores and both the Kihon Checklist Total and BFI scores
(Rs =0.293 and 0.233, respectively). There were no significant differences between the
scores obtained for the SE-MPQ-2 Total and its four subscales and the GOLD criteria
(Table 3). In addition, the SE-MPQ-2 Total, Neuropathic pain and Affective descriptors’
scores were significantly different between the robust and frail groups (Table 4).

3.5. Relationship between Dyspnoea and Physiological or Clinical Factors

The D-12 Total, Physical and Affect scores were significantly different between GOLD1
and GOLD3+4 and between GOLD2 and GOLD3+4 (Table 3), but there were no significant
differences among the robust, pre-frail and frail groups (Table 4).
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4. Discussion

Despite many published reports that fatigue and pain are frequently observed, im-
portant symptoms in subjects with stable COPD, our findings could provide little support
for these assertions. Since the BFI and SE-MPQ-2 Total scores were remarkably skewed
toward the milder end of the scales and high floor effects were observed, we could not
clearly establish whether fatigue and pain were common problems in the participants.
However, the findings deserve careful and thoughtful consideration since the D-12 scores
were also skewed toward the milder end despite dyspnoea being considered one of the
COPD-specific symptoms. Although the authors carefully selected validated Japanese
versions of PRO measurement tools with a history of use in COPD [10,15,33,34,36], there is
the possibility that neither the BFI nor the SE-MPQ-2 performed adequately in the present
study. Another possible reason for the differences with previously reported findings may be
the fact that there were considerable numbers of subjects with relatively mild to moderate
COPD as mean FEV; was 69.8 (21.0) %predicted. If more patients with severe COPD were
enrolled, it is possible that the scores might have been more normally distributed.

The BFI scores were significantly different between groups as determined by frailty
but not between groups classified by the severity of airflow limitation. This might suggest
that fatigue is more closely related to frailty than COPD. Since it has been reported that
fatigue is more frequently complained of in elderly people, frailty may lead to frequent
development of fatigue in subjects with COPD as previously reported [21,22,24]. On the
other hand, since dyspnoea was different between airflow limitation-based groups but not
between frail and robust subjects, dyspnoea appears to be closely associated with COPD
but only distantly with frailty.

To discuss the prevalence of fatigue as well as pain, standardized tools which have
been psychometrically validated and reproducible should be used. Single, closed questions
with a yes or no answer format are not recommended since they may lead to measurement
errors such as overestimation of the specific symptoms. In addition to standardized
instruments, reference scores for the general population or healthy non-smoking subjects
are necessary to compare the prevalence between different groups. Although the authors
performed a search for BFI reference scores, the knowledge and information obtained by
preceding studies have been limited. Chen et al. first reported the reliability and validity of
the BFI in subjects with COPD in 2016 [33]. They noted that the BFI score was 3.92 (2.51)
at first administration and 3.66 (2.43) at the second in all COPD subjects. Furthermore,
it was 3.53 (2.51) in 6 patients with mild COPD and there was no significant difference
between groups classified by COPD severity. Chen et al. subsequently reported in 2018 that
the BFI score was 4.3 (2.0) in subjects with COPD and that the prevalence of fatigue was
77% [13], but information on cut-off scores was not provided [41]. We found the prevalence
of more than mild fatigue to be 52.8% but since this threshold of the BFI was originally
developed by Okuyama et al. with results from cancer patients, our finding should be
treated with caution [34]. The BFI score was 1.70 (1.92) across all subjects with COPD in
the present study and we are unable to explain the wide variation in published findings.
There is a wide range of reported prevalence of pain in the published literature. Maignan
et al. reported that, in 50 subjects, the median SF-MPQ score (not SF-MPQ-2) was 29.7
[IQR: 13.6-38.2] at the AECOPD phase and 1.4 [0.0-11.2] at the stable phase, and 46 (92%)
patients reported pain during AECOPD compared to 29 (58%) in the stable phase [15]. As
in other reports, information on cut-off scores was not provided [15]. In the present study;,
the SE-MPQ-2 Total and subscale scores were likely to be very low in almost all subjects
with COPD and the skewed distribution was quite pronounced. Although there have
been some reports of concurrent pain and dyspnoea in subjects with COPD [13,42], the
SF-MPQ-2 Total score was not significantly correlated with D-12 scores nor COPD severity
in the present study. Therefore, we have formed the impression that chronic pain might be
sporadically reported in some patients. We also note the possible role of coexisting illness
although major comorbidity was excluded from the study.
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Why do subjects with COPD experience fatigue or pain? Although an association
between fatigue or pain and COPD has been frequently reported in the literature, only a
few studies have explored the underlying mechanism of this association. It is considered
that COPD is associated with systemic manifestations and comorbidities. One of the most
important possible mechanisms is mediated by elevated levels of nonspecific inflammatory
cytokines, which can derive from the lung and enter systemic circulation [43,44]. This ‘over-
spill” hypothesis may include not only comorbidities such as skeletal muscle dysfunction,
cardiovascular disease, osteoporosis, and diabetes but also fatigue and pain. The relation-
ship with inflammatory markers requires further study. In addition, from the point of view
of the ‘overspill” hypothesis, comorbidities may have been one of the important outcomes.
Since “no uncontrolled co-morbidities” was one of the inclusion criteria, most subjects with
comorbidities were excluded from the present study. Data on comorbidities should have
been collected in a quantitative way using the Charlson comorbidity index and this was
a particular limitation of our study. Although it is reported that fibromyalgia should be
distinguished from similar symptoms in subjects with severe asthma complaining of pain
as well as extra-pulmonary asthma symptoms [45,46], it is believed that such patients were
not included.

Some other limitations of the present study should be mentioned. First, frailty is
considered to be one of the defining characteristics of aging and the developments of
several concise measurement tools have consequently been reported in the literature. The
Cardiovascular Health Study Index developed by Fried et al. has been the most widely
used to assess this biological syndrome [27]. Other tools have also been validated, such as
the Frailty Index and Clinical Frailty Scale using the cumulative deficit approach [47-49].
Although we used the Kihon Checklist to assess frailty status, variations in the classification
of frailty between these screening tools might exist [50]. Second, there is the possibility
of selection bias and care should be taken with any generalization of our results. Only
patients who could regularly attend our outpatient clinic were recruited. Patients without
any subjective symptoms and thus unaware of having COPD were not represented. Others
who were unable to regularly attend our clinic due to the great physical effort involved
would also have been excluded. This single-center study was also limited by its small
sample size and the fact that most of the subjects were male, even though it includes most
of the stable COPD patients who attended our hospital during the study period. The
participants were overwhelmingly male because there were relatively few female COPD
patients in Japan at the time. The study sample therefore reflects the reality of clinical
COPD in our population.

5. Conclusions

In conclusion, the median BFI and SF-MPQ-2 Total scores were 1.00 [IQR: 0.11-2.78]
and 0.00 [IQR: 0.00-0.27], respectively. They were all skewed toward the milder end of the
respective scales. A floor effect was noted in around a quarter on the BFI and over half on
the SE-MPQ-2. The BFI scores were significantly different between groups regarding frailty
determined by the Kihon Checklist, but not between groups classified by the severity of
airflow limitation. Compared to the literature, neither fatigue nor pain are considered to be
frequent important problems in a real-world Japanese clinical setting, especially among
subjects with mild to moderate COPD. In addition, our results might suggest that fatigue
is more closely related to frailty than COPD.
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