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ABSTRACT Asthma, and severe asthma, in particular, is increasingly recognised as a heterogeneous
disease. Identifying these different phenotypes of asthma and assigning patients to phenotype-specific
treatments is one of the current conundrums in respiratory medicine. Any diagnostic procedure in severe
asthma (or any disease) should have two aims: 1) better understanding or identifying the diagnosis, and
2) providing information on the heterogeneity of asthma phenotypes to guide therapy with the objective of
improving outcomes. Lung biopsies can target the large and small airways as well as the lung parenchyma.
All compartments are affected in severe asthma; however, knowledge on the distal lung is limited. At this
point, it remains uncertain whether lung specimens routinely add diagnostic information that is unable to
be obtained otherwise. Indeed, whether a lung biopsy is indicated in the workup of a patient with severe
asthma remains an individual decision. It is hoped this review will support rational decision-making and
provide a detailed synopsis of the varied histopathological features seen in biopsies of patients with a
diagnosis of severe asthma. Due to limited data on this topic this review is primarily based on opinion
with recommendations arising primarily from the personal experience of the authors.

@ERSpublications
Optimising use of lung biopsies in a diagnostic workup of severe asthma requires a multidisciplinary
approach http://ow.ly/PdLW2

Introduction
Asthma is a clinical diagnosis based on symptoms, detailed history and pulmonary function testing [1]. It
is one of the most common and longest described respiratory diseases, but remains elusive and poorly
defined. It has long been appreciated that asthma is an umbrella term for patients meeting certain clinical
and physiological criteria, but who differ on the basis of specific clinical, biological and/or therapeutic
characteristics [2]. Thus, it is difficult to define the pathology of a condition that probably, at a minimum,
represents a spectrum of biological processes, and perhaps, even different diseases [3]. The pathological

Copyright ©ERS 2015. ERR articles are open access and distributed under the terms of the Creative Commons
Attribution Non-Commercial Licence 4.0.

Previous articles in this series: No. 1: Dombret M-C, Alagha K, Boulet LP, et al. Bronchial thermoplasty: a new
therapeutic option for the treatment of severe, uncontrolled asthma in adults. Eur Respir Rev 2014; 23: 510–518. No. 2:
Barnig C, Levy BD. Innate immunity is a key factor for the resolution of inflammation in asthma. Eur Respir Rev 2015; 24:
141–153. No. 3: Papaioannou AI, Kostikas K, Zervas E, et al. Control of asthma in real life: still a valuable goal? Eur Respir
Rev 2015; 24: 361–369.

Received: May 26 2015 | Accepted after revision: June 13 2015

Conflict of interest: Disclosures can be found alongside the online version of this article at err.ersjournals.com

Provenance: Submitted article, peer reviewed.

Eur Respir Rev 2015; 24: 525–539 | DOI: 10.1183/16000617.0045-2015 525

SERIES
ASTHMA

mailto:daniel.doberer@meduniwien.ac.at
http://ow.ly/PdLW2
http://ow.ly/PdLW2
err.ersjournals.com
http://crossmark.crossref.org/dialog/?doi=10.1183/16000617.0045-2015&domain=pdf&date_stamp=


understanding is further complicated by the influences of disease severity, the complexities of the lung
itself and the associated heterogeneity of pathological changes throughout the bronchial tree.

Different lung compartments involved in asthma(s)
Traditionally, asthma has been regarded as a disease characterised by chronic inflammation and remodelling,
primarily of the large airways, which leads to airflow obstruction and asthma-specific symptoms. Over
100 years ago, autopsy specimens revealed macroscopic pathology within the large airways [4]. However,
subsequent physiological, imaging and pathological studies demonstrated that the small airways and even the
lung parenchyma could be important contributors to the functional impairment seen in certain severe
asthma patients, as some reports suggest asthma severity increases in proportion to the involvement of this
compartment [5, 6]. Small airways include all peripheral membranous bronchioles <2 mm in diameter,
whereas large airways contain smooth muscle and cartilage and have a luminal diameter >2 mm (bronchi up
to terminal bronchioles) [7]. Numerous reviews on the importance of small airways in asthma and other
airway diseases have been published in recent years, including the following [8–12].

Clinical symptoms and physiological assessment are not able to accurately predict dysfunction in small
airways, probably because distal airways normally contribute <10% of the total resistance to airflow [7, 13].
Hence, Hogg and colleagues, who also first used the term “small airway disease” [7], described the distal
airways as the “silent zone” of the airway tree as extensive disease can be present without symptoms or
changes in conventional lung function tests [14]. In the 1970s, the first physiological studies using indirect
measurements of the distal airways (primarily nitrogen washout) focused attention on the role of small
airways in diseases like asthma and chronic obstructive pulmonary disease [15–17]. Since then, more
sophisticated invasive and noninvasive techniques for measurements of the distal airways have supported
the importance of distal airway resistance [18, 19]. In addition, evidence of a low diffusing capacity of the
lung for carbon monoxide (DLCO), which is typically reduced in patients with interstitial lung disease
(ILD), but traditionally normal or high in asthma [20], may serve a marker of distal lung involvement or
remodelling in some patients with severe (and perhaps atypical) forms of asthma [21].

The small airways are also beyond the current imaging resolution of high-resolution computed
tomography (HRCT) scanners, but “indirect signs” of the effects of small airway disease on the lung
parenchyma can be detected as well as “direct signs” like centrilobular nodules or “tree in bud” patterns.
Air trapping and heterogeneity of lung ventilation due to small airway disease correlate with asthma
severity and adverse outcome [22, 23]. While changes in airway wall thickness in the large airways have
been reported to be reduced in response to anti-eosinophilic (interleukin (IL)-5) therapies [24] and
inhaled corticosteroids (ICS) [25], HRCT imaging features associated with distal lung changes have not yet
been linked to molecular phenotypes or responses to therapy [26].

Early autopsy pathological studies which evaluated the total lung demonstrated that the entire length of
the bronchial tree is involved in patients dying of asthma [27–29]. Comparison with milder asthma
patients dying of other causes was often limited, but generally showed less inflammation and remodelling
in the distal lung than those who died of asthma [27]. Importantly, these studies were done before the
widespread use of ICS, which may have impacted the findings, given their association with a reduction in
asthma mortality [30]. Studies of the distal lung in living asthma patients are extremely limited. Resected
lung specimens from asthmatic patients undergoing thoracic surgery demonstrated that the inflammatory
response is not restricted to the proximal airways, although very minimal clinical information on these
patients was available [21, 31–33].

Transbronchial biopsy (TBBx) studies have suggested that the intensity of inflammation may be higher in
the distal compared with the central airways in patients with asthma treated with high doses of inhaled
and even systemic corticosteroids [34]. Kraft and colleagues found increased eosinophilic and lymphocytic
inflammation in distal airways and alveolar spaces from TBBx at 04:00 h in asthma patients with nocturnal
awakenings when compared with endobronchial biopsies (EBBx) [35, 36]. Similar results were shown for
mast cells, where alveolar mast cell density was increased in asthmatic patients but bronchial mast cell
density was not [37, 38]. Additional studies suggested that this “classical/allergic” inflammatory pattern
may not be present in the distal lung of all asthmatics, with a predominance of neutrophils over
eosinophils in the bronchoalveolar lavage (BAL) fluid, and endobronchial and transbronchial samples in
some severe asthma patients on high-dose corticosteroids [39, 40]. BAL neutrophils have also been
associated with air trapping on quantitative HRCT imaging [23], potentially linking the neutrophilic
phenotype to the distal lung compartment.

These distal lung studies began to link distal airway inflammation with specific symptoms and disease
severities. While these studies suggest that small airways and even alveolar tissue may be crucial compartments
of the lung which determine disease severity, clinical symptoms and even phenotypes of asthma, their utility
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in guiding clinical management of patients is unclear. In addition, it remains unknown whether distal airway
involvement is present in all (severe) asthma patients or whether a “distal airway phenotype” exists.

Severe asthma is not a single disease
Although asthma has long been considered an eosinophilic disease, as early as the 1950s it was recognised
that eosinophilic inflammation was not present in all asthma patients and that those without eosinophilic
inflammation responded less well to corticosteroid therapy [41]. In the 1980s and 1990s, the introduction of
relatively safe and effective ICS led to a “one size fits all” approach to asthma and the conclusion that these
drugs, alone or in combination with long-acting β-agonists, could effectively treat nearly all patients. Thus,
the utility of understanding underlying differences in pathobiology became less. However, by the late 1990s it
was recognised that a subgroup of patients with more severe disease did not adequately respond to this
approach and remained highly symptomatic with reduced lung function [40, 42]. These concepts were further
solidified by the inability of targeted biological therapies to be effective in either specific subtypes of asthma
(allergen-responsive) or all comers with asthma [43, 44]. Thus, by the late 1990s, the concept of asthma
phenotyping was beginning to re-emerge, particularly in those patients with severe asthma. Initially, severe
asthma patients were divided into those with and without tissue eosinophilia [40, 45], and later by using
less-biased statistical clustering methods [24, 46–49]. The field further advanced when the concept of
molecular phenotyping identified patients with a T-helper cell (Th)2 molecular signature in airway epithelial
cells [50]. This Th2 phenotype is now referred as the Type 2 signature given the range of cells producing IL-4,
-5, and -13. Several Type 2 cytokine-related biomarkers (table 1) have been identified and used to predict the
response to treatment with monoclonal antibodies to IL-5, IL-13 and IL-4 receptors. ∼50% of severe asthma
patients express a Type 2 signature. It appears that these less invasive biomarkers may adequately identify
moderate-to-severe patients for these Type 2-targeted approaches. However, it remains to be determined
whether additional benefit will be obtained by identifying tissue histopathology in more severe patients with
persistent elevations in exhaled nitric oxide fraction (FeNO) or blood/sputum eosinophils, despite high doses
of systemic corticosteroids or whether these patients will respond similarly to Type 2-directed therapies. Two
recent studies suggest that not all patients with biomarker evidence for Type 2-associated asthma, especially
in very severe disease, will respond to Type 2-targeted therapies (both anti-IL-5 and anti-IL-13) [51, 52].
Reasons for these poor responses to targeted therapies may relate to underlying differences in driving the
more complex pathobiological features not currently addressed by these biomarkers.

Little is understood about “Type 2-low” asthma in terms of pathobiology. Some studies have suggested
isolated neutrophilic inflammation and differences in structural characteristics, e.g. subepithelial basement
membrane thickness [45, 53]. However, almost nothing has been described regarding pathology (and
certainly distal lung pathology) in these Type 2-low patients, even those with high levels of symptoms and
abnormal physiology.

A clinical–radiological–pathological approach to severe asthma
Typically, evaluation of patients with difficult/severe asthma includes a comprehensive history, physical
examination, pulmonary function testing, and laboratory evaluation including a complete blood count and
differential, immunoglobulins, IgE and specific allergen testing. A multidisciplinary and multiprofessional
approach, including involvement of related medical specialities, respiratory nurses, physiotherapists,
psychological consultants and coordinated interactions of the different caregivers, is also critical [54, 55].

Chest radiographs, specifically HRCT scans, are carried out by many physicians to rule out comorbid
illness, with the European Respiratory Society (ERS)/American Thoracic Society (ATS) guidelines
suggesting they could be performed in patients with atypical presentations of asthma [56]. Although the
increased spatial resolution of HRCT allows noninvasive assessment of remodelling, its utility in diagnosing
molecular phenotypes of asthma or even different airway diseases remains poorly quantified [26, 57–59].
The use of more invasive studies, in particular lung biopsies, in severe asthma is even more controversial.

However, a clinical–radiological–pathological approach is well established in other fields of respiratory
medicine, e.g. oncology or ILDs. Even more than the syndrome of “asthma”, ILD includes a heterogeneous

TABLE 1 Biomarkers of Type 2 inflammation in severe asthma

Exhaled nitric oxide fraction
Increases in total IgE
Serum periostin
Sputum/blood eosinophilia
Sputum expression of interleukin-4, -5 and -13
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group of lung pathologies, with different aetiologies, ranging from inflammatory disorders to progressive
fibrotic conditions. Although ILD can be challenging to diagnose, consensus statements have established
criteria to define clinical–radiological–pathological entities that differ in pathogenesis, treatment strategy
and prognosis [60]. None of the involved disciplines, i.e. the clinician, radiologist and pathologist, may be
able to provide a reliable diagnosis but close multidisciplinary communication leads to better results.

Differential diagnosis of systemic corticosteroid treated “asthma”
Several conditions may mimic or be associated with severe asthma in which surgical lung biopsies might
be useful for differentiation (table 2).

Eosinophilic granulomatosis with polyangiitis
Eosinophilic granulomatosis with polyangiitis (EGPA or Churg–Strauss syndrome) is a multisystem vasculitis
of the small- and medium-sized arteries characterised by chronic sinusitis, severe asthma symptoms,
parenchymal infiltrates and prominent peripheral blood eosinophilia. However, in the face of systemic
corticosteroids, peripheral blood eosinophilia may be minimal. Therefore, it can be challenging to differentiate
severe asthma from EGPA, especially as vasculitis is often not apparent in the initial (prodromal) phase of
EGPA [61]. However, the presence of extrapulmonary vasculitis or symptoms, e.g. in the skin, gastrointestinal,
renal or central nervous system, would not be consistent with severe asthma [61].

Hypersensitivity pneumonitis
Hypersensitivity pneumonitis (HSP) is, like asthma, a complex syndrome and not a single, uniform
disease. There is no clinical, laboratory, imaging or other “gold standard” for the diagnosis or classification
into acute, subacute and chronic HSP. BAL and TBBx are helpful in supporting the diagnosis of HSP.
However, in many instances surgical biopsy is indicated, particularly in cases where no offending antigen
is identified or more advanced disease is present [62].

Asthmatic granulomatosis
The term asthmatic granulomatosis was introduced in 2012 [21] for patients meeting the criteria of severe
asthma but with atypical histopathological findings of interstitial and bronchial mononuclear infiltrates
with poorly formed non-necrotising granulomas. This histopathological pattern might suggest subacute or
chronic HSP but, in addition, these cases presented with asthmatic (often eosinophilic) small airway
changes that are not part of the spectrum of HSP.

Autoimmune airway disease
The involvement of the lungs in systemic autoimmune diseases is common and ranges from ∼5% in
rheumatoid arthritis or systemic lupus erythematosus [63], to 40–60% in inflammatory bowel disease [64],
and up to 90% in anti-neutrophil cytoplasmic antibodies-associated vasculitides [65]. Despite the strong
association of connective tissue disease with ILDs, information on the involvement of small airways
(bronchiolitis) is limited. Several patterns have been recognised, in particular in rheumatoid arthritis and
Sjögren’s syndrome [66, 67], e.g. cellular or follicular bronchiolitis involving lymphocytes, neutrophils and
macrophages. However, they are not normally linked to reversible airflow limitation associated with “asthma”.

Allergic bronchopulmonary aspergillosis
Allergic bronchopulmonary aspergillosis (ABPA) is a complex hypersensitivity reaction occurring when
bronchi become colonised by Aspergillus species in patients with asthma or cystic fibrosis. Clinically, ABPA
presents with asthma-like symptoms complicated by recurrent episodes of fever, malaise, expectoration of

TABLE 2 Differential diagnoses of systemic corticosteroid treated “severe asthma”

Eosinophilic granulomatosis with polyangiitis (Churg–Strauss syndrome)#

Hypersensitivity pneumonitis (including hot tub lung)#

Chronic aspiration#

Sarcoidosis#

Allergic bronchopulmonary mycosis
Constrictive bronchiolitis#

Asthmatic granulomatosis#

Autoimmune airway disease#

Infectious diseases (atypical bacteria, fungal or nontuberculous mycobacteria)

#: diseases where lung biopsies might be helpful in the diagnostic evaluation.
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brownish/green mucus and, sometimes, haemoptysis. In addition to pathological features of asthma [68],
bronchocentric granulomatosis, lymphocytic infiltrates, septated hyphae with acute dichotomous branching in
the mucus-filled bronchial lumen or positive cultures for Aspergillus may be seen in ABPA. Unlike the other
diseases, the diagnosis of ABPA is not based on pathology, but is confirmed by use of clinical, radiological and
immunological criteria [68, 69].

Lung biopsy in patients with severe asthma(s)
Whether invasive studies, particularly bronchoscopy with biopsy, lavage, or both, or surgical biopsy are
indicated in severe asthma is not generally agreed upon. However, numerous studies suggest that
pathological changes exist in the small airways and lung parenchyma of subjects with (severe) asthma [21,
27, 28, 31–37], including the presence or absence of certain patterns of inflammation, colonisation/
infection with atypical bacteria or fungi, or both, which might support changes in therapy. In addition,
certainly in children, but also in adults, visual evaluation of the airways is often considered necessary to
rule out structural abnormalities, aspiration or infection. Therefore, in many patients with severe asthma
the diagnostic workup will already include a bronchoscopic procedure. However, the importance of
bronchoscopic or surgical biopsies to diagnose, phenotype and treat “severe asthma” is more controversial.

Who is a candidate for lung biopsy?
Severe asthma represents a spectrum of disease that remains difficult to control, and therefore, causes high
morbidity and poses a massive burden on healthcare [70–73]. Patients with severe asthma have complex
treatment requirements, which in 30–40% of cases include the continuous use of systemic corticosteroids
[74, 75]. The high risk–benefit ratio of such systemic therapy can result in serious and often irreversible
adverse effects [76, 77], such that means to avoid long-term systemic corticosteroid use in severe asthma
should be considered [56]. At the University of Pittsburgh Asthma Institute (Pittsburgh, PA, USA) only a
minority (∼30%) of patients with very severe, systemic corticosteroid-dependent asthma undergo clinically
indicated lung biopsies. Before lung biopsies are considered, patients referred with the diagnosis of
“asthma” are optimised for diagnosis and treatment for several months, as recommended by the ERS/ATS
severe asthma guidelines [56]. Prior to consideration of lung biopsy it is critical to address poor adherence
in these patients, as it may be present in up to 60% of uncontrolled asthma [78, 79]. Treatment adherence
and misuse of inhalers are major determinants of outcomes/disease control in asthma [80, 81], and this is
particularly true for severe asthma patients requiring long-term treatment with high-dose inhaled and/or
systemic corticosteroids [82]. Patients undergoing (surgical) lung biopsies should probably be embedded in
a multi-professional team setting (discussed earlier), where these issues can be adequately addressed before
serious consideration of biopsy.

Selection of patients for lung biopsy should address two points: 1) accurate diagnosis of the severe airway
disease and/or 2) heterogeneity of severe asthma phenotypes to direct treatments. Therefore, patients with
“atypical” features of severe, systemic corticosteroid-dependent asthma may be considered appropriate
candidates for lung biopsies (table 3). Atypical features include findings suggestive of parenchymal disease,
e.g. reduced DLCO [21] or parenchymal alterations in the HRCT.

Similarly, patients with consistently high FeNO or blood eosinophils [21], despite high corticosteroid doses,
represent a poorly understood group who might qualify for more invasive diagnostics, especially since
EGPA is part of the differential. Patients with severe asthma and a background of autoimmune disease, e.g.
personal autoimmune disease, positive autoantibodies or family history of autoimmune disease, with less
“allergic” history might also be considered. Pathologically those patients seem to be characterised by a
predominant lymphocytic inflammatory pattern and appear to respond to immunosuppressive drugs.

Pathological approaches
In airway disease, unlike parenchymal lung diseases, the primary approach to obtaining pathological
specimens has been through EBBx performed during bronchoscopy. Surgical or distal lung biopsies are
exceedingly rare.

Bronchoscopy
Unlike the less invasive sputum or exhaled breath analyses, bronchoscopy can obtain lung tissue, cells and
diluted fluids (in the form of BAL). EBBx of the large airways visible through the bronchoscope is the
standard approach, with TBBx addressing distal airways plus lung parenchyma only rarely performed.
Samples to be collected include cell counts (eosinophils, neutrophils, CD4/CD8 ratio, etc.), microbiological
testing (bacteria, fungi and Mycobacteria), and tissue analysis. Visual airway inspection can add
information on possible diagnoses, e.g. vocal cord dysfunction, gastro-oesophageal reflux disease, stenosis
of large airways, tracheomalacia, tumour or foreign-bodies [85].
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EBBx specimens are taken from the main carina and subcarinae of the lower lobes and fixed in formalin,
acetone or another preservative, or frozen. However, the samples obtained are extremely small (usually 1 mm3

or less), and represent a minute fraction of the total lung pathology; therefore, it is useful to take biopsies in
different lobes, e.g. three biopsies in the right upper and lower lobe. Topical anaesthesia before and during
bronchoscopy, e.g. lidocaine, is helpful and safe (up to 7 mg·kg−1 lidocaine) to decrease coughing and the
bronchoconstriction reflex [86, 87]. The procedure itself should only be carried out by a highly experienced
bronchoscopist with appropriate technical and nursing support. Bronchoscopy is commonly carried out
under general anaesthesia in children, whereas in adults it is usually carried out using conscious sedation.

Although concerns have been raised about multiple bronchial biopsies in asthma patients [88], experience has
demonstrated that up to 10 EBBx can be obtained safely [89]. In addition, TBBx (up to four per patient under
fluoroscopic guidance) have been safely performed in asthmatic patients [34, 36]. Finally, the safety of
bronchoscopy in adult patients with severe and very severe asthma (forced expiratory volume in 1 s (FEV1)
<60% predicted) in the Severe Asthma Research Program [90] and in children [91] appears to be acceptable.
Bronchoscopy has been used to phenotype asthmatic patients and was reported to successfully direct therapy
[85]. GOOD et al. [85] defined four specific phenotypes based on bronchoscopic evaluation including visual
inspection of the upper and lower airways as well as BAL, EBBx and brushes. 4 months of phenotype-adjusted
(non-blinded or randomised) treatment was reported to improve asthma control and lung function (FEV1).

Readdressing the two important aims for lung biopsy of 1) diagnosing or ruling in/out asthma and
2) obtaining information on disease phenotypes to direct therapy, bronchoscopy itself appears to have a role as
a diagnostic tool in severe asthma. However, bronchoscopic biopsies may have more limited value. These
biopsies are subject to crush artefacts, with TBBx of limited value for small airways/parenchymal abnormalities,
vasculitis, rare granulomas or inflammatory patterns. In addition, specific pathological diagnostic parameters
are limited, often resulting in pathology reports with vague descriptions such as “scattered eosinophils”, “no
tumour seen”, or “changes concordant with clinical asthma diagnosis”. Although bronchoscopic biopsies might
reveal more information, most pathologists are not comfortable in addressing subtle findings, especially in
EBBx. Thus, further studies, with better pathological qualification and quantification will be required before
bronchoscopic biopsies become routine procedures in patients with a severe asthma diagnosis.

Surgical lung biopsies
Peripheral lung tissue can be collected by open thoracotomy or video-assisted thoracoscopic surgery (VATS).
Today, the minimally invasive VATS is preferred due to improved mortality, morbidity, post-surgical pain
and duration of hospital stay compared with open thoracotomy [92]. Multiple locations of the lung can be

TABLE 3 Preoperative evaluation including indications and risk factors

Indications for VATS
A history of guideline’s recommended stage 4–5 (GINA) treatment and adherence to this treatment
Recurrent exacerbations (>2 per year)
Systemic corticosteroid treatment (at least 10 mg prednisone-equivalent per day over the past 12 months)
Attendance at an asthma centre or specialist for at least 6 months
Atypical presentation:

Parenchymal alterations in the HRCT (e.g. massive air trapping, ground-glass opacities)
Increased FeNO or eosinophils despite high doses of systemic corticosteroids
Need for oxygen treatment or low DLCO (<70% of reference)
Positive autoantibodies (thyroid, ANAs, ANCAs, lupus anticoagulants or rheumatoid factor)
Coexisting autoimmune disease
Positive family history for autoimmune disease
Unclear differential diagnosis (e.g. EGPA or HSP) (see table 2)

Risk factors for diagnostic VATS
DLCO <35% [83]
FEV1 <55% [83]
Immunosuppressive treatment
Current asthma exacerbation
Systolic PAP >40 mmHg (patients with signs of pulmonary hypertension should be evaluated by

echocardiography) [84]

VATS: video-assisted thoracoscopic surgery; GINA: Global Initiative for Asthma; HRCT: high-resolution
computed tomography; FeNO: exhaled nitric oxide fraction; DLCO: diffusing capacity of the lung for carbon
monoxide; ANA: anti-nuclear antibodies; ANCA: anti-neutrophil cytoplasmic antibodies; EGPA: eosinophilic
granulomatosis with polyangiitis; HSP: hypersensitivity pneumonitis; FEV1: forced expiratory volume in 1 s;
PAP: pulmonary arterial pressure.

530 DOI: 10.1183/16000617.0045-2015

ASTHMA | D. DOBERER ET AL.



accessed. VATS biopsies have become the gold standard to evaluate the distal lung, including small airways,
vessels, peribronchovascular and alveolar space, and give access to samples of several millimetres (even
centimetres) in size. Thus, VATS biopsies are more suitable to address pathologies involving the distal lung
with regard to differential diagnosis of refractory “asthmas”.

Video-assisted thoracoscopic surgery
VATS has almost never been performed in patients with refractory airway disease, especially those with
elements of an “asthma-like” condition. In fact, the majority of VATS procedures are performed for
diagnostic or therapeutic reasons in pulmonary nodules and for diagnostics in ILD. For most ILD patients,
VATS is the preferred procedure to collect lung biopsies with some exceptions like sarcoidosis, organising
pneumonia, eosinophilic pneumonia or hypersensitivity pneumonitis where bronchoscopic biopsies may
be sufficient [60, 93]. While the reasons for VATS rarely being used in “severe asthma” probably include
the perception that ILD is a more severe disease than “asthma” and the lack of consistent HRCT changes
for the surgeon to target, a surgical biopsy approach may still be helpful in both diagnosis and
management of severe asthma. In the case of ILD, HRCT patterns are often helpful to select optimal sites
for VATS biopsies [94]. While in severe asthma HRCT imaging might reveal airway wall thickening or
bronchiectasis only [95], more atypical findings like ground-glass opacities, extensive small airway disease
or fibrosis might suggest further invasive evaluation (table 3).

Preparation for VATS
As VATS biopsies, like any surgical procedure, are not without risk, a risk–benefit assessment is important
and must be discussed in detail with the patient. VATS should be performed in centres with experience of
severely compromised pulmonary patients, e.g. lung transplant centres. Prior to VATS all patients should
undergo: 1) risk evaluation, 2) pre-surgical asthma treatment optimisation, and 3) selection of the biopsy site.

Patients with severe asthma undergoing VATS should only be those who require high-dose systemic
corticosteroids to maintain control of their disease. However, this treatment may mask histopathological
findings in the biopsies. Therefore, the corticosteroid dose is carefully decreased before surgery (for at least
1–2 weeks) to a level where the procedure is safe to perform, but there is modest evidence for
inflammatory or physiological decline, as evidenced by increased blood eosinophils or FeNO, or decreased
spirometry or DLCO measurements. The concern is that if the patient is asymptomatic and on a high
systemic corticosteroid dose, the pathology may reflect the corticosteroid effect (decreased eosinophilic and
other inflammatory processes) to the exclusion of the underlying pathology.

In ILDs the region of lung biopsy is selected for each patient in an agreement between the surgeon,
clinician and radiologist, but also by intra-operative appearances and finger palpation. Because many
severe asthma patients have minimal radiological abnormalities by HRCT, biopsies often have to be taken
randomly. However, ground-glass opacities/inflammation or signs of small airway disease on HCRT can be
a guide to select areas of interest. If no specific finding is present in a bilateral disease such as asthma,
many surgeons prefer the right-sided approach as it provides easier access to biopsies at a lung edge.

The VATS procedure
Prior to surgery, patients are routinely treated with stress (or higher) doses of systemic corticosteroids, as
well as bronchodilators. A standard VATS procedure is carried out under general anaesthesia using a
three-port technique with the port sites placed to target the site of interest. Double-lumen endotracheal
intubation with single-lung ventilation is used and the duration of the procedure is usually <1 h. The cone
excision technique is preferred to yield resections of a generous size including deep tissue [21]. Usually,
the procedure includes a preceding bronchoscopy to secure the position of the endotracheal tube and for
visualisation of any endobronchial pathology in the mainstem bronchi. Additional sampling is rarely
performed (e.g. BAL or brushes on the opposite side to the subsequent VATS biopsy). When the main
differential diagnosis is inflammatory disease related, intra-operative frozen sections are not necessary.
Samples should generally be obtained from each lobe of the targeted lung, especially when no targeted
sites are identified. In addition to the histopathology, samples for fungal, bacterial and mycobacterial
cultures should be collected.

Post-VATS care
Many patients can be safely discharged after 1 or 2 days of hospitalisation. Asthma treatment is
re-established according to the pre-surgical treatment, in particular the systemic corticosteroid dose and
bronchodilator treatment.
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The risks of a VATS procedure
There are few data on the risk of a VATS procedure in severe asthma. However, in our experience of about
50 airway disease VATS procedures, there was no increased risk of post-VATS asthma exacerbations, and in
general, post-VATS surgical risk appears similar to those for other indications. In other diseases, the surgical
morbidity and nonlethal complication rate is 7–10%, with pulmonary fistula/pneumothorax, prolonged air
leak, pleural effusion and acute exacerbation of the underlying disease (ILD) the most common
complications [94, 96]. Over the past 8 years, 51 VATS procedures in 47 “severe asthma” patients (46 adults
and one child, 40 females and seven males, among whom four patients received a repeated VATS procedure
due to lung nodules/masses) have been performed at our centre. The 30-day mortality was 0%. Nonlethal
complications appeared in five patients (10%): one haemothorax with two surgical revisions (22 days of
hospitalisation), one wound healing issue needing a vacuum-assisted closure system, one post-surgical air
leak with subcutaneous emphysema and two post-surgical pain syndrome needing re-hospitalisation. Only
four (8%) patients needed post-surgical intensive care. ∼40% of patients were discharged the next day after
the VATS biopsy (the median duration of post-surgical hospitalisation was 2.0 days).

There are no clear contraindications to a VATS. Table 3 provides a list of factors that are usually associated
with increased risk when undergoing a diagnostic VATS (for ILDs) [83]. Typical preoperative screening
should include an ECG, in addition to tests already obtained in the evaluation of these “atypical” severe
asthma patients like HRCT and lung function testing. Patients with suspected pulmonary hypertension
should be evaluated by echocardiography because a systolic pulmonary arterial pressure >40 mmHg is a
known risk factor for VATS-associated complications [84]. While asthma is not traditionally a risk factor
for pulmonary hypertension [97], there are no reliable data on atypical severe asthma, in particular those
with atypical findings like autoimmune comorbidities, hypoxia or reduced DLCO.

Pathological evaluation of peripheral lung tissue in patients with “severe asthma”
The histopathology of asthma was first described from autopsy studies of individuals dying of asthma.
These studies demonstrated changes in large and small airways including mucus plugging, epithelial
detachment, goblet cell metaplasia, basement membrane thickening, subepithelial fibrosis, and smooth
muscle and mucous gland hypertrophy [98–100]. Nearly all inflammatory cells have been linked to asthma,
including eosinophils, lymphocytes and mast cells/basophils as well as neutrophils, often in varying
proportions. Individual histological features are neither specific nor sensitive for asthma, but a combination
of several of the features generally suggests a diagnosis of what has traditionally been termed “asthma”.

As in asthma, severe asthma lung tissue should be evaluated for both inflammatory and structural/
remodelling elements [100]. The following synopsis on classical as well as atypical histopathological
findings in “severe asthma” includes information on small airways and lung parenchyma. A surgical lung
biopsy in patients with atypical “severe asthma” should include histopathological analyses including
haematoxylin and eosin stains, special stains for fungi and acid-fast bacilli (AFB), and
immunohistochemistry (IHC) as well as microbiological testing with cultures for mycobacteria and fungi.
Few institutions and pathologists have experience with surgical lung specimens from asthmatic patients
and evaluation of such tissue should be limited to experienced centres.

Structural changes and remodelling
Epithelium
Goblet cell hyperplasia/metaplasia is the most significant finding identified in the large airway epithelium,
in particular in severe asthma [101–103]. Goblet cells produce mucin glycoproteins (MUC), with
MUC5AC being predominant in asthmatic airways in response to Type 2 cytokines [104]. In cases of fatal
asthma, there is often extensive luminal mucus plugging in both large and small airways, frequently mixed
with inflammatory cells [105, 106]. In distal lung biopsies from living asthma patients, goblet cell
metaplasia and mucus plugging are present but may not be pronounced [21]. The relevance of epithelial
shedding in EBBx may reflect tissue sampling artefacts [107], while in surgical biopsies it is more likely to
reflect an abnormal epithelium (fig. 1).

Subepithelial fibrosis
Subepithelial fibrosis is a striking finding in the large and small airways of severe asthma. It involves two
components: 1) reticular basement membrane (RBM) thickening and 2) submucosal fibrosis. The
basement membrane consists of a superficial layer (the basal lamina) and a deeper layer (the lamina
reticularis, or RBM). In asthma, thickening is restricted to the RBM. It has been extensively studied as a
marker of remodelling in asthma and severe asthma, but the reported studies are conflicting. Some
investigators have concluded that a thickened RBM is the most discriminative histological finding of severe
asthma, generally not occurring in other chronic obstructive lung diseases [108, 109], whereas others have
suggested that it may be unrelated to asthma severity [110]. An eosinophilic or Type 2 cytokine-associated
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process appears to be critical for RBM thickening [40, 111]. In our centre, RBM thickening in small
airways was present in all patients with asthmatic granulomatosis and was marked in 50% of them [21].
Remodelling of the submucosal extracellular matrix in severe asthma is much less characterised (fig. 1).

Increased airway smooth muscle mass
It is believed large airway smooth muscle thickening in asthma is a consequence of both hypertrophy
(increased size) and hyperplasia (increased proliferation) of airway smooth muscle cells [112], both of
which correlate with asthma severity [113, 114], but not with age or duration of disease [112]. In small
airways, increased smooth muscle cell mass was seen in severe asthma patients with asthmatic
granulomatosis; however, it may not be specific to any severe asthma phenotype [21] (fig. 1).

Inflammatory patterns
Inflammatory patterns are probably more important indicators for disease severity, phenotypes or
differential diagnoses than structural changes or remodelling. Inflammatory cells can be assessed qualitatively
or (semi)-quantitatively (cells per area). For a quantitative approach the small airway wall is usually divided
into different areas of interest [5, 31, 115, 116]: lumen, epithelium, inner airway wall (between the basement
membrane and the smooth muscle), smooth muscle, outer airway wall (between the smooth muscle and the
alveolar attachment), the alveolar attachment, and peripheral alveolar tissue (fig. 2). Quantitative analysis is
limited to research because it is time consuming and reference values are not yet available.

a) b)

FIGURE 1. Examples of “classical” small airway disease in severe asthma from video-assisted thoracoscopic surgery procured
tissue showing small airways with epithelial hyperplasia and mucous plugs (black squares), prominent smooth muscle
hyperplasia/hypertrophy (asterisks), thickened basement membrane (arrowheads) and adventitial eosinophilic/lymphocytic
inflammation extending into areas of alveolar attachments (arrows). a) 100× magnification, b) 400× magnification.

SM

FIGURE 2. Outline of the distal lung regions in haematoxylin and eosin-stained lung tissue [115, 116] showing the inner
airway wall (green arrowheads), smooth muscle (SM), outer airway wall (blue arrows) and alveolar attachment (black arrows).
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Eosinophilic inflammation
Early studies of resected lung tissue confirmed that asthmatic small airways have higher numbers of
activated eosinophils than larger airways [31]. Likewise, eosinophils and macrophages can accumulate in
the alveolar tissue of nocturnal asthmatics [35]. In large airways, eosinophils predominate in the inner
airway wall, whereas in small airways they predominate in the outer airway wall [115, 117]. Examples
of small airway eosinophilic inflammation in VATS tissue from severe asthma patients can be seen in
figure 1. Eosinophilic inflammation is nonspecific and could be seen in EGPA, asthmatic granulomatosis
and corticosteroid-resistant severe asthma. However, detailed comparisons of the amount or location of
eosinophils in these diseases are lacking.

Neutrophilic inflammation
The “classical” eosinophilic inflammatory pattern may not be present in the distal lung [39] or large
airways [40, 117, 118] of all asthmatic patients, but neutrophils may predominate. However, we have not
yet found this pattern in our distal lung biopsies.

Non-necrotising granuloma and lymphocytic bronchiolitis
Non-necrotising granuloma and lymphocytic bronchiolitis are additional inflammatory patterns recently
described in patients with atypical “severe asthma” (fig. 3a, b) [21]. Airway (predominance in the outer
airway wall) and patchy interstitial mononuclear infiltrates (mostly CD4 or CD8 positive cells) and/or
poorly-formed interstitial non-necrotising granuloma were found. While it remains unclear whether these
patterns define a certain “severe asthma” phenotype associated with autoimmune diseases or represent the
pulmonary involvement in a systemic autoimmune disease, many of these patients have a personal or
family history of autoimmunity [21]. Early data suggest patients with this pattern may benefit from a
treatment strategy involving alternative immunosuppressive drugs, like azathioprine.

a) b)

c) d)

FIGURE 3. Examples of distal lung disease in “atypical” severe asthma and differential diagnoses from video-assisted
thoracoscopic surgery procured tissue. a) Small airway with massive lymphocytic bronchiolitis (arrowheads) often found
in severe asthma with an autoimmune background (100× magnification). b) Small interstitial poorly defined granulomas
(arrows) with epitheloid histiocytes/giant cells (arrowheads) in asthmatic granulomatosis, note the absence of vasculitis
(100× magnification). c) Granulomatous inflammation in eosinophilic granulomatosis with polyangiitis, note the
presence of prominent tissue eosinophilia, vasculitis (arrow) and necrotising granulomatous inflammation (arrowheads)
(200× magnification). d) Aspiration granuloma, note a well-formed, non-necrotising granuloma entirely replaces an
airway lumen (arrow), with foreign-body giant cell reaction to vegetable material (arrowhead) (100× magnification).
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Effects of corticosteroids
All of our severe asthma patients undergoing lung biopsy, as well as those in the previously published report
[21], were on daily oral corticosteroids (with/without high-dose ICS). EBBx studies in mild-to-moderate
asthma have shown that ICS and oral corticosteroids decrease epithelial and submucosal eosinophils, mast
cells and macrophages [119]. Oral corticosteroids may also increase mucosal neutrophils in
mild-to-moderate non-atopic asthma [120]. Thus, oral corticosteroid treatment might explain the scarce
eosinophils or mast cells seen in many of our severe asthma biopsies. However, increased neutrophils (in any
compartment) were not observed.

Immunohistochemistry and special stains
IHC should be performed when there is marked inflammatory infiltrate to specifically rule out other
entities like lymphoma [121]. IHC can also provide information on inflammatory patterns; however, there
are no data or experience on the selection of the markers, or their impact on diagnosis, asthma
phenotyping or prediction of treatment responses. Special stains (as well as cultures) to rule out fungal
infections (e.g. Grocott’s methenamine silver or periodic acid–Schiff stain) and AFB for mycobacteria
should always be performed, especially in the presence of granulomatous inflammation.

Other pathologies
In patients with “severe asthma”, VATS biopsies at our centre not only provided information on different
“asthmatic” histopathological patterns, but not uncommonly also led to revision of the initial diagnosis. In
three patients histopathology showed foreign body (food) granulomas (fig. 3d) although extensive previous
evaluation did not implicate chronic aspiration. The diagnosis of sarcoidosis based on a bronchoscopic
biopsy performed several years earlier was overturned based on a clinical presentation consistent with
asthma in combination with a lung biopsy consistent with asthmatic granulomatosis. Although EGPA (a
typical image is shown in fig. 3c) was in the differential diagnosis for many of our severe asthma cases, in
fact, vasculitis was never seen in our VATS cohort. Finally, HSP (and not asthma-related disease) was
found on an additional VATS from our centre.

Importance of surgical lung biopsies in research
Knowledge of the mechanisms and underlying pathobiology driving many of these chronic severe airway
diseases and phenotypes is extremely limited. VATS samples could provide valuable resources for research.
Immunohistochemical, protein and RNA analysis of resected lung tissue can provide important
information to elucidate the pathobiological patterns of severe asthma. With the larger amount of VATS
tissue available, additional approaches might include compartment-specific (microdissection) or automated
quantitative digital pathology. Finally, it is critical that results from VATS biopsies are compared with
results from less invasive bronchoscopies, new imaging techniques such as magnetic resonance imaging,
noninvasive physiological markers of distal lung abnormalities (e.g. multiple-breath nitrogen washout
tests), or other peripheral biomarkers different from the well-known Type 2-related ones with the aim of
eventually predicting VATS findings (and avoiding the more risky procedure).

Conclusion
The decision for or against a lung biopsy has to be evaluated for each individual patient based on a risk–
benefit assessment. The benefits of a surgical lung biopsy include a potential revision of a diagnosis and
identification of disease phenotypes of “asthma” that may benefit from specific treatments, e.g. patients
that might benefit from immunosuppressive drugs, antifungals, etc. The risks include the invasiveness of
the procedure and the possibility that no helpful information will be gained. However, based on our
experience, we believe VATS biopsies give a better opportunity to differentially diagnose very severe,
corticosteroid-dependent phenotypes or conditions masquerading as this phenotype, and provide
information which could successfully change therapy when compared with bronchoscopic biopsies (EBBx
or TBBx). Optimising the use of lung biopsies in a diagnostic workup of severe asthma probably requires a
multidisciplinary clinical–radiological–pathological approach and collaboration across multiple sites
specialising in severe asthma. Further studies are needed in this area to fully ascertain their importance.
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