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Chapter 1

Eosinophils as a Biomarker in 
Asthma and COPD
Jose Carlos Herrera Garcia

Abstract

Asthma and COPD are two diseases related to eosinophils. But at present, we do 
not know with certainty how much these cells participate in these diseases, beyond 
that the treatment of the underlying cause produces the resolution of eosinophilia 
in a “reactive” way. Eosinophil-related diseases are a spectrum of systemic diseases 
such as Asthma and COPD in pneumology area. Under inflammatory conditions, 
the number of circulating eosinophils or tissues can increase dramatically, with 
rapid development of eosinophilia and we can obtain in a simple laboratory test. 
In general, the number of eosinophils in the blood can provide useful information 
and considering the differential diagnosis and for the subsequent test of patients 
presenting with eosinophilia. The treatment of eosinophilia currently in number of 
300 cells in which is the criteria and the target to be treat. The best known and most 
used of all treatments for diseases related to eosinophils are corticosteroids, which 
decrease circulating and tissue eosinophils in a few hours, through mechanisms 
that include the direct activation of eosinophil program death. Targeted treatment 
against eosinophils could improve airway remodeling through mechanisms that 
are not fully known, and their effects on lung function are variable and decreasing 
symptoms in patients.

Keywords: eosinophil, asthma, COPD

1. Introduction

Asthma and COPD are two diseases related to eosinophils in which eosinophils 
are the main cause and journals have evidence an increase in their number in the 
blood with or without evidence of their activation. But at present, we do not know 
with certainty how much these cells participate in these diseases, beyond that 
the treatment of the underlying cause produces the resolution of eosinophilia in 
a “reactive” way. Eosinophil-related diseases are a spectrum of systemic diseases 
such as Asthma and COPD in pneumology area. Even within the principal dis-
eases related to eosinophils, the location, type of tissue involved, and magnitude 
of eosinophilia vary greatly. Under inflammatory conditions, the number of 
circulating eosinophils or tissues can increase dramatically, with rapid develop-
ment of eosinophilia and we can obtain in a simple laboratory test. In general, the 
number of eosinophils in the blood can provide useful information and consider-
ing the differential diagnosis and for the subsequent test of patients presenting 
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with eosinophilia. Currently eosinophils has taken a very important role in the 
treatment of severe diseases, we know are so prevalent and increased morbidity 
and mortality in serious phases which produce a lower quality of life in patients, 
the treatment of eosinophilia currently in number of 300 cells in which is the 
criteria and the target to be treat. The best known and most used of all treatments 
for diseases related to eosinophils are corticosteroids, which decrease circulat-
ing and tissue eosinophils in a few hours, through mechanisms that include the 
direct activation of eosinophil program death. But, under certain circumstances, 
eosinophils can become resistant to these drugs or in the presence of high levels of 
eosinophil survival cytokines, such as IL-5 by example. With the administration 
of anti-IL-5 antibodies, such as mepolizumab or reslizumab the blood eosinophils 
typically decrease by at least 80% within a few days, without decreasing them 
much in the tissues, such as in the lower airways. Asthma, presumably due to 
the action of other eosinophil cytokines, such as GM-CSF, present in tissues. 
Comparatively, the administration of benralizumab, an anti-IL-5 antibody that 
acts on the IL-5 receptor, causes a much deeper and longer decrease in eosino-
phils, by activating antibody-dependent cellular cytotoxicity. Targeted treatment 
against eosinophils in eosinophilic asthma and eosinophilic COPD decreases 
exacerbations and could improve airway remodeling through mechanisms that are 
not fully known, and their effects on lung function are variable and decreasing 
symptoms in patients.

Data from multiple studies in asthma and eosinophilic COPD suggest that they 
are safe long-term drugs despite the decrease in eosinophils over time, as well as 
being well tolerated. Eosinophils exist in virtually all vertebrates as part of the 
innate immune system, which underscores the important benefits they must pro-
vide to their guests. In humans, they are in normal ranges when their blood levels 
are <500 / μL, although this number can vary between 350 to 600 depending on the 
laboratory. Eosinophilia is defined when its number is>300/μL in the recent studies 
and guidelines [1, 2].

2. Eosinophil hematopoiesis

For eosinophils to develop, a unique set of transcription factors is required, 
which if not present, do not develop (Figure 1). Similarly, the eosinophil lineage 

Figure 1. 
The eosinophil.
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depends on the appearance of a specific receptor on its surface for IL-5. The 
expression on the cell surface of the IL-5 receptor is one of the first events for 
the development of the specific eosinophil lineage that occurs in the bone mar-
row, although recent data in rats suggest that another cytokine, the IL- 13, has a 
role in increasing the differentiation of eosinophils at a point “upstream” to that 
of IL-5. Although the source of IL-5 and IL-33 within the bone marrow neces-
sary for the development of eosinophils is not known exactly, it is likely that T 
cells and certain innate lymphoid cells (CLI2) are the important sources, at least 
for IL-5 [2].

3. Beneficial functions of eosinophils in homeostasis and host defense

Most of what is known about eosinophils in terms of their roles in health and 
homeostasis, comes from data obtained from animal studies. It is believed that 
eosinophils contribute a large amount of beneficial substances that help in the 
development, remodeling, and tissue repair. Their roles in innate and adaptive 
immune responses include the favorable influence on the development of immune 
cells, provide antibacterial, antifungal, and antiviral responses and help control 
glucose metabolism, myocyte regeneration, lean fat development and adipos-
ity. Most of these functions have been demonstrated in animal models, so their 
reality in humans is uncertain. In addition, although the very important role of 
eosinophils during type 2 immune responses against helminths and other para-
sitic infections is considered almost dogmatic, their total certainty in humans is 
controversial because in many patients in pandemic parasitic infections we know 
have increase eosinophils and we do not the normal range in laboratory test and 
the main changes that decreasing of increasing (Figure 2). Therefore, despite the 
growing interest in knowing what eosinophils actually in the immune system and 
in disease circumstance, in the nest days we need to know and much remains to be 
investigated [3].

Figure 2. 
The eosinophil cycle and function.
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4. Asthma and COPD

COPD and asthma have a pathogenic and pathophysiological basis easily dif-
ferentiable in most cases. They also share a series of clinical similarities that often 
make their differentiation complex, especially in-patient smokers with a history 
of atopy and eosinophilia. But we have patients with combined symptoms and 
different phenotypic. The characteristics clinics shared by both diseases are based 
on inflammation and airway obstruction, now we know in certain papers that 
COPD is a fibrotic disease but when the patient have some allergic characteristics 
the disease is like an inflammatory problem and the eosinophils have a role in both. 
The incomplete reversible and progressive in COPD and variable and reversible 
in asthma. Also, the location of the inflammatory response in these pathologies 
also have differences, allowing to locate the predominant involvement of COPD 
in the peripheral airway and in the pulmonary parenchyma, in contrast to the 
respect of pulmonary parenchyma and panfocal airway involvement in asthma. 
The cell count obtained from bronchioalveolar lavage (BAL), induced sputum 
and bronchial biopsies in patients with COPD demonstrate the predominant 
presence of neutrophils, CD8 + T lymphocytes and abundant macrophages. In 
asthma, eosinophils, mast cells, CD4 + T cells and fewer macrophages meet in 
samples representative of the tracheobronchial tree, but there are some patients 
with paucigranulocitic phenotypic. Inflammatory mediators also differ, playing a 
predominant role leukotriene-B4 (LTB4), interleukin 8 (IL-8) and tumor necrosis 
factor alpha (TNF-α), among others, in the case of COPD, while in asthma have 
found multiple inflammatory variables, represented for histamine, leukotrienes 
and interleukins 4 and 5.

The fraction of exhaled nitric oxide in patients with asthma is found increased, 
reflecting the greater eosinophilic inflammation. Thus, it seems reasonable to 
define a high Th2 patient profile in a non-invasive way by using indirect markers 
such as IgE > 100 IU and blood eosinophils>300 cells/microliter, or eosinophils in 
sputum>3%. Along these lines, a recent study has shown that eosinophilia together 
with elevated levels of periostin was the best predictor of improvement in lung 
function in COPD patients treated for three months with inhaled corticosteroids 
and LABA. However, it seems that a more integrative approach, which unites 
clinical features and molecular mechanisms, is the best way to identify disease sub 
phenotypes and individualized treatments. The fraction of exhaled nitric oxide is 
poor studied in COPD, and we know there is not a confinable test to follow a patient 
we do not have inflammation or have both [3].

5. Eosinophils and COPD

In December 2017, we published in the journal Respirar de ALAT, a manu-
script of the study findings of 50 Mexican patients in the outpatient pulmonology 
clinic at the University Hospital of Puebla, Mexico, the results were prevalence 
of eosinophilia (74% women and 26% men). 50% associated with smoking 
and 50% with exposure to biomass. 36% presented representative eosinophilia 
which indicated the relevance of this marker taking into account that 50% of 
all the patients studied were in GOLD IVD stage. Tine and colleagues pointed 
out that blood eosinophils may have a paradoxical benefit for COPD patients; In 
patients with blood eosinophil counts of 2% or more versus patients with counts 
of less than 2%, better lung function, better quality of life, fewer symptoms and 
less comorbidities have been reported. It has also been shown that the risk of 
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pneumonia, regardless of the use of inhaled steroids, is lower in patients with 
eosinophil blood counts of 2% or more. These facts suggest, the authors wrote, 
that the use of eosinophil-targeted therapies can actually be detrimental to COPD 
patients [4, 5].

6. Eosinophilic pathways in asthma

The Eosinophils nowadays are the most inflammatory status seen in asthma, in 
patients that have persistent eosinophilic airway inflammation is a severe status in 
some cases. Because these patients have neutrophilic or paucigranulocytic count 
and separate in allergic and nonallergic patients with severe symptoms. The path-
ways for eosinophil recruitment are quite distinct. Allergic eosinophilic asthma is 
driven by Th2 lymphocytes. Allergens, presented to naive CD4+ T cells by dendritic 
cells, induce differentiation toward Th2 cells, which produce IL4, IL5 and lead-
ing to IgE class to airway eosinophilia and mucous hypersecretion. In nonallergic 
eosinophilic asthma, epithelium-derived cytokines (IL25, IL33, TSLP) are released 
in response to air pollutants, microbes or glycolipids (Figure 3). These bind to 
receptors on type-2 innate lymphoid cells (ILC2s), activating them to produce the 
Th2-associated cytokines IL5 and IL13, which lead to eosinophilia, mucous hyper-
secretion and airway hyper-reactivity, in the majority of allergic asthma cases, the 
presence of eosinophils may be a secondary consequence of the allergic cascade that 
recruits them to the site of inflammation in the evolution of the disease. In some 
patients, however, particularly those with severe, non-allergic asthma the eosino-
phil may play a more central role, possibly initiating the disease or persistent disease 
or persistent symptoms, these patients are typically older women with comorbid 
nasal polyps, aspirin sensitivity and late-onset asthma concluded in a different 
phenotypic [5].

Figure 3. 
Allergic and non-allergic eosinophilic pathways in asthma.
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pneumonia, regardless of the use of inhaled steroids, is lower in patients with 
eosinophil blood counts of 2% or more. These facts suggest, the authors wrote, 
that the use of eosinophil-targeted therapies can actually be detrimental to COPD 
patients [4, 5].
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and separate in allergic and nonallergic patients with severe symptoms. The path-
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driven by Th2 lymphocytes. Allergens, presented to naive CD4+ T cells by dendritic 
cells, induce differentiation toward Th2 cells, which produce IL4, IL5 and lead-
ing to IgE class to airway eosinophilia and mucous hypersecretion. In nonallergic 
eosinophilic asthma, epithelium-derived cytokines (IL25, IL33, TSLP) are released 
in response to air pollutants, microbes or glycolipids (Figure 3). These bind to 
receptors on type-2 innate lymphoid cells (ILC2s), activating them to produce the 
Th2-associated cytokines IL5 and IL13, which lead to eosinophilia, mucous hyper-
secretion and airway hyper-reactivity, in the majority of allergic asthma cases, the 
presence of eosinophils may be a secondary consequence of the allergic cascade that 
recruits them to the site of inflammation in the evolution of the disease. In some 
patients, however, particularly those with severe, non-allergic asthma the eosino-
phil may play a more central role, possibly initiating the disease or persistent disease 
or persistent symptoms, these patients are typically older women with comorbid 
nasal polyps, aspirin sensitivity and late-onset asthma concluded in a different 
phenotypic [5].

Figure 3. 
Allergic and non-allergic eosinophilic pathways in asthma.
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7. Eosinophilic inflammation in COPD

In COPD, inflammation is more commonly associated with T helper 1 lympho-
cyte (Th1)-mediated immunity driven by neutrophils, often in response to bacterial 
colonization. However, as with asthma, COPD presents as a number of different 
clinical phenotypes and, in around 10–40% of patients, a degree of eosinophilic 
inflammation is present during stable state. We published some cases with severe 
COPD versus health patients in a asthma clinic in Puebla, and we describe that we 
do not know when is the time to take a eosinophils sample and make a different 
diagnosis in the clinic, the patients came to take a sample in stable state and have 
minor eosinophils cells like health people, and concluded like we need to know 
when is the better time to take a eosinophils sample. The cell senescence likely plays 
a pathophysiological role in COPD (Figure 4) particularly in relation to the release 
of cytokines other factors from senescent cells, many of which are also implicated in 
the pathogenesis of COPD [5].

8. The utility of measuring blood eosinophil levels in asthma and COPD

The most important point in this chapter is the utility of measuring blood 
eosinophils as a biomarker to treatment in stable or exacerbating COPD. Blood 
eosinophil levels can either be expressed as an absolute count (150 cells) or as a 
percentage, actually there are many groups that define them, like <2%, ≥2–<3%, 
≥3–<4%, <150 cells·μL − 1, 150–<300 cells·μL − 1, ≥300–<400 cells and ≥ 400 
cells were used in the post hoc analysis of WISDOM. 2020 guidelines from the 
Global Initiative for Chronic Obstructive Lung Disease (GOLD) have recommended 
blood eosinophil counts ≥300 cells in stable COPD as the diagnostic criterion for 
initiating therapy with ICS/long-acting β-agonist (LABA). However, eosinophilia 
is defined, the utility of the measurement is limited by the stability of the measure-
ment. People with COPD often start treatment with Dual Therapy (LABA/LAMA) 
some people use monotherapy in some patients, but in some group of patients 
continue use inhaled corticosteroids like added, sure measuring the number of 

Figure 4. 
Relationship between airway inflammation and bronchial abnormalities in COPD.
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eosinophils and concluded the people who will benefit with this kind of therapy. 
Some patients experience a worsening of their symptoms known as an exacerbation 
and the eosinophils maybe predict the risk of exacerbations that is so important for 
clinicians treating this patients, but there is a pooled analysis in 2020 with Singh et 
al. concluded that in a pooled analysis of 22,125 patients with COPD, do not find 
a clinically important relationship between baseline blood eosinophils count and 
exacerbation rate and is not a clinically useful predictor of future exacerbation risk, 
I think maybe we can use in worsening symptoms in a single time of the life of the 
patient, COPD is dynamic and heterogenic disease, maybe we can use in some cases 
in which the patient worsening symptoms [6].

The utility of measuring blood eosinophils to guide therapy is likely to vary 
depending upon the clinical status of the patient, i.e. whether their COPD is stable, 
or they are experiencing an exacerbation. Now in press we have a manuscript that 
we can show in a cohort with severe COPD patients and healthy controls the blood 
eosinophils count do not change in a single sample and the count was similar in the 
same group in the same time. The evidence suggests that measuring, eosinophil 
levels to help guide therapy is useful with measuring eosinophils count to use ICS/
LABA, and reduction the use of inhaled corticosteroids y some patients that do not 
need this treatment. In COPD we need to consider the eosinophil count to choose 
treatment [6].

9. We can use eosinophils like a target and biomarker in the biologics era

Anti-IL5 therapies are a great promise in patients with eosinophilic asthma, and 
we do not know if is the same to COPD, suggesting that depletion of eosinophils 
may not be a valid target in COPD. An initial study using the anti-IL5R antibody, 
benralizumab, in COPD patients with elevated baseline sputum eosinophils 
(≥3%) demonstrated numerical improvements in exacerbation rates, SGRQ-C 
and the self-administered Chronic Respiratory Questionnaire (CRQ-SAS) scores, 
and FEV1 (fraction exhalation volume in 1 second) however, these improvements 
were not statistically significant. Mepolizumab significantly reduced sputum and 
blood eosinophil counts compared with placebo in COPD patients with raised 
baseline eosinophils but, again, these differences did not translate into significant 
between-group differences in lung function parameters, exacerbation rates, and 
health-related quality of life. The role of eosinophils in COPD is complex and the 
benefits observed with ICS (inhaled Corticosteroids) are likely related to their 
effects on cells or pathways that do not involve eosinophils. These results suggest a 
potential role for eosinophilic airway inflammation on COPD exacerbations, but 
also clearly underline the fact that further studies are needed to refine the patients 
who may benefit from eosinophil-targeted treatments in COPD. The Benefit–risk 
ratio of ICS in patients with COPD based on blood eosinophil level in stable disease 
with increasing eosinophils counts, the use of ICS may offer increased benefit 
by reducing COPD exacerbations and always have precaution for development 
a pneumonia. ICS use in patients with lower eosinophils counts is potentially 
associated with decreased benefit and increased risk of pneumonia. Celli com-
ment that the possibility that an easily obtained biomarker such as peripheral 
blood eosinophil count may help determine a patient’s risk for certain outcomes 
and likelihood of responding to specific therapy is very appealing. However, as in 
many areas in life, “the devil is in the details”, and more data is needed before blood 
eosinophil levels can be used to identify a COPD phenotype amenable to specific 
 immunomodulatory therapy [7].
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10. Variability of blood eosinophils as a biomarker in asthma and COPD

Peter G. Gibson et al. described to consider are those that lower the count and 
could lead to a false-negative test for diagnosis of the eosinophilic phenotype. These 
include eating, exercise, medications, and the time of testing. Consuming a light 
meal was found to reduce blood eosinophils between 2 and 4 h after eating, with an 
average 23% reduction at 4 h (from 130 to 100 cells/μL). Exercise also reduces blood 
eosinophil counts. For example, a symptom-limited exercise test in COPD patients 
reduced blood eosinophils at 2 h, with normalization by 24 h. In Puebla, Mexico 
in 2019 we compared two groups of patients in Asthma and COPD clinic, this two 
groups were: One group of severe COPD patients [6] and other group healthy sub-
jects [6] workers for the clinic, the age of the patient were 45–60 years and we found 
that the eosinophil count was similar in the COPD group and the control group. 
A study was carried out in the Asthma and COPD clinic of the City of Puebla in a 
Private Angeles Hospital, the presence of two groups of patients with COPD and 
another as a control group of health workers, and we obtained very interesting data 
from the account of the eosinophils in a stable state of the patients, since they came 
voluntarily on a normal and stable day to take the eosinophil count and what were 
our results: the following: 2 groups of patients with COPD 1 group with 6 patients 
and the second group with 8 healthy workers. The patients with COPD were severe 
but in a stable and controlled state and presented an eosinophil count between 144 
to 240 cells, and the group of health workers with an eosinophil range between 102 
and 192 cells. This finding in this small cohort of patients as a pilot study allows us 
to see that patients with severe COPD may have low eosinophil ranges because they 
are stable and controlled just like healthy workers and subsequently be able to use 
the eosinophil range in some exacerbation of patients who may present an increase 
in eosinophils and change the therapy, this small work carried out in a particular 
clinic allows us to conclude that serious patients who have a stable state really have 
eosinophils in the normal range and the increase of 300 cells is really a figure in 
which We can make changes in therapy, but on the other hand, in stable patients, 
it would not be appropriate to take hematic biometry in the stability consultations 
because it would not be case knowing that the eosinophil count remains normal and 
only in an exacerbation take them to determine changes in current therapeutics. We 
concluded that in asthma patients the eosinophil count is variable than the COPD 
patients [8–10].

11.  What is the utility of eosinophils in two prevalent respiratory 
diseases today?

As described earlier in this chapter, eosinophils are in these times of progress in 
the treatment of asthma and COPD one of the important pillars at different stages 
of the disease, as described earlier, approximately 4 years ago we did not have a 
marker that we allow you to change our decisions in the therapy of these patients 
in the stable phase or in exacerbations, it seems that its use is very bleak in stable 
patients, but already established a little more scientific in its use in exacerbations, 
every patient shows us one of the possible use of eosinophils in the whole path of the 
disease either in a stable phase or in exacerbation. In the definition of the disease its 
integration is clearly not useful, as well as in the epidemiological phase, but not in 
the diagnostic phase where it can be important to emphasize the phenotypes in the 
two diseases such as in asthma: eosinophilic asthma and in COPD as eosinophilic 
COPD. In the clinic it has not contributed great importance and we do not think 
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it is relevant to know eosinophilia to determine if it is asthma or COPD even the 
spirometry is still the most important pillar of the diagnosis. in the classification of 
the disease it is of the utmost importance to determine if it is stable or exacerbated, 
as well as in the treatment that is vital to start steroid treatment, we know in asthma 
it is the pillar treatment of the disease not so in COPD but it allows to differentiate 
those responders to corticosteroids. Eosinophils at present and thanks to studies we 
can clearly establish its use at the beginning of the use of some biological medica-
tion to those patients with severe or exacerbated disease, as you know the exacerba-
tions are those that deteriorate the disease and give a poor prognosis. As biomarker 
for biological initiation it is vital, as it has also been demonstrated in its use in the 
follow-up of patients, as part of the response to the treatment already established. 
There are still unknowns about the use of these cells in stable patients, we are 
developing a writing of the results of a pilot work on the values of eosinophils in 
stable patients with serious disease and healthy patients, these results will be shortly 
where we can show that in the stable patient there is still controversy in the use of 
treatment in patients with eosinophilia [10].

12. Conclusion

Asthma and COPD are two chronic diseases linked to exacerbations and possible 
quality of life of patients, the introduction of eosinophils as biomarkers in the evolu-
tion of the disease has opened a promising panorama as a biomarker in the classifica-
tion of patients, their severity, prognosis and presence of exacerbations. Eosinophilia 
in these diseases is a reality and as pulmonologists we have a duty to always carry 
out that scrutiny that allows us to characterize our patients and to prescribe the 
appropriate treatment always taking into account the possible use of biologists in 
patients with severe disease. Both asthma and COPD are complex, heterogeneous 
conditions comprising a wide range of phenotypes, some of which are refractory to 
currently available treatments. These phenotypes and identification of biomarkers 
with which to recognize to guide an appropriate treatment for researchers and clini-
cians. The potential of blood eosinophils nowadays has potential and much attention 
in medical research to choose the optimal and correct treatment. In asthma, the 
rationale for their use as such is more clearly defined, with several well-controlled 
studies demonstrating that patients with higher eosinophil counts are prone to more 
severe disease and poorer outcomes. As a result, new biologic therapies have been 
developed to tailor treatment to these patients. In COPD, high blood eosinophil 
counts may predict a favorable response to ICS on top of LABA/LAMA, especially 
in patients with a history of frequent exacerbations, but the exact position and the 
definition of clinically significant eosinophilia is need to be more studied for the use 
of blood eosinophils for the identification of patients who may benefit from targeted 
treatments (Table 1). the use of eosinophils in clinical practice in COPD needs to 
be evaluated in prospective studies before firm conclusion and demonstrated in 
stable patients [10]. Eosinophilic inflammation is a stable longitudinal phenotype in 
a substantial proportion of COPD patients, which can be predicted over 12 months 
by an initial blood level measurement. The need for biomarkers to identify patients 
who may benefit from treatments in airways disease. As more treatment options are 
becoming available, we need to research and choose the biomarkers like elements 
or activation states of eosinophilic inflammation and will support the selection of 
treatment we need to control the patient in asthma and COPD. These events are 
seasonal in nature and relate to bacterial etiology and considerate the weather to take 
the sample [11].
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Utility Asthma COPD

In definition − −

In epidemiological decision −/+ −

In diagnosis +/− −

In clinic + +

In classification + −

In exacerbations + +

In treatment ++ ++

In biological treatment +++ +

Following ++ +

Stable + +/−

Table 1. 
Utility of eosinophil as a biomarker in clinic.
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Utility Asthma COPD

In definition − −

In epidemiological decision −/+ −

In diagnosis +/− −

In clinic + +

In classification + −

In exacerbations + +

In treatment ++ ++

In biological treatment +++ +

Following ++ +

Stable + +/−

Table 1. 
Utility of eosinophil as a biomarker in clinic.
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Chapter 2

Smoking and COPD: 
Endothelium-Related and 
Neuro-mediated Emphysema 
Mechanisms
Vera Nevzorova, Tatiana Brodskaya and Eugeny Gilifanov

Abstract

This chapter describes endothelium-related and neuro-mediated mechanisms 
of emphysema development in chronic obstructive pulmonary disease (COPD) 
and smoking on the basis of previously completed studies, literature data, and 
own researches. As components of neurogenic inflammation in the processes of 
tissue remodeling in emphysema, we describe the distribution and activity of the 
substance P, neurokinin-1 and its receptor, tissue metalloproteinases and their 
tissue inhibitors in the lungs during the entire experimental period, the modeling 
of COPD in rats with a smoking model. We also analyzed the content of neuroki-
nin system markers, the localization, and markers of tissue metalloproteinases in 
human lung tissue structures. We have confidence that there is a special morpho-
functional continuum of development of lower respiratory tract remodeling in 
response to chronic exposure to tobacco smoke and the development of inflamma-
tion in COPD. New data suggest that imbalance of neuro-mediated interactions, 
alteration of vasomotoric signaling mechanisms, secretion, mucociliary clearance, 
cytoprotection involving substance P-dependent components with impaired 
content, and development of dystopia of matrix metalloproteinases and their tissue 
inhibitors are involved in the initiation of morphological restructuring. Research 
in this direction should be continued to allow approaches to the development of 
preventive and therapeutic strategies for emphysema.

Keywords: COPD, smoking, emphysema, remodeling, neuro-mediated, 
endothelium, neurokinins, metalloproteinases

1. Introduction

Emphysema, or destruction of the gas-exchanging surfaces of the alveoli, is one 
of the typical manifestations of chronic obstructive pulmonary disease (COPD). 
Emphysema is a pathological term that is often used clinicaly, has great medical 
significance and describes only one of several structural abnormalities present 
in patients [1]. Many previous definitions of COPD have emphasized the terms 
“emphysema” and “chronic bronchitis,” which are not included in the definition 
used in the last GOLD report. In GOLD 2018, COPD was defined as a common, 
preventable, and treatable disease that is characterized by persistent respiratory 
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symptoms and airflow limitation that is due to airway and/or alveolar abnormali-
ties usually caused by significant exposure to noxious particles or gases [1]. It 
was mentioned that chronic respiratory symptoms also exist in individuals with 
normal spirometry and a significant number of smokers without airflow limitation 
have structural evidence of lung disease manifested by the varying presence of 
emphysema, airway wall thickening, and gas trapping [2–4]. Really, smoking is a 
major risk factor for COPD, and it plays an important role in lung tissue destruc-
tion development. Some experiments prove that aggressive pollutants of tobacco 
smoke (benzopyrene, peroxynitrite, acrolein, cyanides, peroxides, etc.) can cause 
direct damage to endothelial cells due to expression of adhesion molecules on their 
surface and intensification of lipid peroxidation [2, 5–7]. But the main underly-
ing cause of structural changes is chronic inflammation, which is confirmed 
by numerous studies [1, 4–6]. Even in mild COPD, or in smokers susceptible to 
emphysema [7, 8], there are significant abnormalities in pulmonary microvascular 
blood flow that worsen with disease progression [9].

It was proven that vascular endothelium actively participates in inflammatory 
reactions in COPD [10–13]. It was a systemized data about cigarette smoke as an 
endothelial toxin and activator [14]. Endothelium is one of the direct participants 
of development and maintenance of chronic inflammation. Oxidized lipoproteins 
in the tunica intima of the vessel work as attractants for chemotaxis of leukocytes 
and monocytes that start to produce pro-inflammatory cytokines in big amounts. 
These processes trigger systemic inflammatory response that leads to irreversible 
thickening of the vessel walls and deterioration of their mechanical properties. 
Chronic exposure to tobacco smoke and the products of combustion of tobacco lead 
to chronic system inflammatory reaction, oxidative stress, endothelial dysfunction, 
and morphofunctional damage of target organs. Nowadays the connection between 
endothelium-related mechanisms and emphysema forming, and progression in 
COPD is well known. Recent studies are approaching the description of the neuro-
mediated mechanisms of emphysema development in COPD.

In this chapter we have analyzed data from researchers and shared our own 
research on the study of endothelium and the neuro-mediated mechanisms of 
emphysema development  in COPD and smoking.

2.  Endothelium-related and neuro-mediated mechanisms of emphysema 
development in COPD and smoking: research data

The participation of endothelial dysfunction and injury in emphysema develop-
ment in COPD has been described since 2000 and early [15, 16]. And the inter-
est of researchers to the problem of the involvement of the endothelium in the 
pathogenesis of COPD has not decreased over the past decades. So, for the request 
“endothelium + emphysema” (in the title and/or abstract), the well-known online 
resource of the library PubMed offers 117 publications, of which 23 after 2015. For 
the request “endothelium + COPD,” it offers 335 publications, of which 72 after 
2015, and for the request “endothelium + smoking,” it offers 1859 publications, 
of which 188 after 2015. This indicates the relevance of this area of research and 
demonstrates the hopes of researchers finding new opportunities for therapeutic 
and prophylactic effects on this relationship in the pathogenesis of tobacco-related 
lesions, COPD, and emphysema [17–23].

All disorders begin with local and systemic inflammation, hypoxia and oxidative 
stress, and lead to an imbalance of proteases-antiproteases, loss of recovery and 
destruction of lung tissue. Activation and dysfunction of the endothelium involves, 
first of all, imbalance of the endothelium and its associated mechanisms, which 
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are due to the following disorders in the pathogenesis of COPD [4]. Separately, we 
would like to pay attention on some endothelium-dependent factors.

Prolonged damage to endotheliocytes by aggression factors (persistent inflam-
mation, hypoxia, oxidative stress, an imbalance in the protease-antiprotease system, 
etc.) leads to their death and anatomical reduction of the capillary bed, which is a 
component of emphysematous lung changes. Pathobiology of small vessels in COPD, 
in addition to inflammatory and hypercoagulative changes, is characterized by 
intimal thickening, arteriole muscularization, a decrease in the number of capillar-
ies, and a decrease in blood vessels [13, 15]. Delivering a VEGF receptor (VEGFR) 
antagonist to rats led rapidly to air space enlargement and pruning of the pulmonary 
arterial tree [23, 24]. VEGF is a trophic factor that is crucial for the survival of 
endothelial cells. The experiment demonstrated that prolonged blockade of VEGF 
receptors leads to apoptosis of septal endothelial cells and emphysema [16, 25]. 
Subsequent studies of emphysematous lungs confirmed that COPD patients have 
decreased lung levels of VEGF, reduced expression of VEGFR in pulmonary endo-
thelial cells and apoptotic alveolar septal cells, and reduced expression of hypoxia-
inducible factor-1α (HIF-1α), a transcription factor that drives the expression of 
genes involved in endothelial function including VEGFRs [26, 27]. It has been shown 
that along with the progression of emphysema, degenerative changes in the walls of 
the aorta develop, including its dilatation and aneurysmatization [28, 29]. These facts 
indicate that among other circumstances, an important role in the pathogenesis of 
emphysema belongs to endotheliocytes and VEGF. Moreover, it has been described 
that the presence of emphysema in patients with COPD is associated with a reduced 
content of сirculated endothelial cells, an endothelial repair factor [11, 30].

Endothelial dysfunction and damage are also caused by the acute effects of 
cigarette smoke long before the development of emphysema in animal models. 
Brief exposure of mice to cigarette smoke exacerbates lipopolysaccharide- and 
Pseudomonas aeruginosa-induced acute lung injury in vivo, and cigarette smoke 
extract increases the permeability of endothelial monolayers in vitro [14, 27]. 
Moreover, a recent study identified cigarette smoke-induced apoptosis of endo-
thelial cells in the lungs of mice exposed chronically to cigarette smoke and COPD 
patients [11]. Thus, data from both animal models of COPD and COPD patients 
and controls support the hypothesis that endothelial dysfunction and injury are key 
processes in the pathogenesis of emphysema.

In Table 1 we composed information on key endothelium-related agents that 
take into account the mechanisms of emphysema development in COPD, well 
described previously [4, 10–13, 18–20, 22, 23, 26, 27].

The mechanisms of the inclusion of neurokinins and related substances in 
neurogenic inflammation and destruction at different stages of COPD are much less 
known. Moreover, in recent studies, descriptions of the neuro-mediated mecha-
nisms for the development of emphysema in COPD and smoking have become 
recognized.

It is known that tobacco smoke is a powerful inducer of the destruction of the 
respiratory epithelium throughout, followed by its morphofunctional remodeling 
[4, 31, 32]. Initiation of cell and tissue injury processes in prolonged exposure to 
smoking can take place due to excess release of neurotransmitters from sensitive 
afferent nerve fibers of the nervous vagus system. A large proportion (75%) of 
such fibers belong to the type of nonmyelinated or C-fibers, the sources of which 
are small neurons of the knotted and jugular ganglia, which synthesize neuropep-
tide transmitters or neurokinins (such as substance P (SP), a peptide genetically 
related to calcitonin (CGRP) and neurokinin (A)) [33, 34]. Afferent influences 
are primarily aimed at maintaining the structural and functional homeostasis of 
the respiratory system by stimulating the secretion of mucus from the submucous 
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glands and goblet cells, contractility of smooth muscles, vascular permeability, 
modulation of immune cascades, etc. [34–36]. It is known that afferent fibers 
(C-fibers) are extremely sensitive to the effects of irritants that make up tobacco 
smoke [37]. In a situation of prolonged and/or intense stimulation of sensory 

Components Origin, localization Physiological effects and potential role at 
pathogenesis emphysema in COPD

Nitric oxide (NO) In main, endothelial cells and 
other cells

Vasorelaxation, vasoprotection, anti-
inflammatory, anti-adhesion, reparation. 
Endothelin antagonist

Endothelinum-1 (ET-1) Endothelial cells, bronchial 
epithelium, alveolar 
macrophages

Activates receptors on smooth cells, 
encouraging stable vasoconstriction and 
increase of endothelium adhesively

sPECAM-1 Endothelial cells, 
lymphocytes, platelets, 
macrophages, granulocytes, 
T/NK-cell megakaryocytes, 
fibroblasts, osteoclasts

Plays a basic role in lymphocyte adhesion to 
vascular wall with followed effects

Selectins: E-selectin 
(CD62Е), Р-selectin 
(CD62Р), L-selectin 
(CD62L)

Activated endothelial cells Regulation of leukocyte adhesion 
(strengthens the capacity to migration, 
leukocyte adhesion to activated 
endothelium in inflammation)

Thrombomodulin 
(CD141)

Endothelial cells Interacts with thrombin, activates protein 
C, acts as anticoagulant across activation 
factors fVa, fVIIIа, fXa, and fXIIIa

Circulated endothelial 
cells

Endothelial cells from 
vascular wall, activated bone 
marrow

Can be as the factor of reparation according 
to inflammatory processes and as the factor 
of injury to the endothelium and other 
tissues due to activated phenotype

Vascular endothelial 
growth factor (VEGF)

Endothelial cells Main inductor of angiogenesis, VEGF, 
provides their effects across receptors’ 
endothelial cell and expression of 
VEGF regulated by hypoxia, chronic 
inflammation, hypercoagulation, etc. 
In chronic processes, function can be an 
imperfect character
Stimulates apoptosis and phagocytosis and 
promotes development of emphysema

Neutrophil elastase 
(catepsin G, proteinase 3)

Neutrophils, monocytes, Т 
lymphocytes, endothelial cells, 
vascular smooth muscles cells

Decreases migration of T lymphocytes and 
neutrophil to inflammation area, factor of 
decelerating of phagocytosis. Function from 
protection to damaging. Can cause damage 
to tissues, development of emphysema, and 
mucus hypersecretion
Involved in normal degradation of matrix 
proteins elastin, collagen, fibronectin, 
laminin, and proteoglycans

Matrix 
metalloproteinases 
(ММP-1, ММP-2, 
ММP-9)

Endothelial cells, 
macrophages, neutrophils, 
monocytes, fibroblasts, 
keratinocytes, osteoblasts

Contributes to release TNF-α from 
macrophages, that results to neutrophils 
recruiting and production neutrophil 
elastase, that leads to damage tissues, 
development emphysema. Involved 
in degradation of type IV collagen, 
fibronectin, and elastin

Table 1. 
Endothelium-related Components of emphysema development in COPD and smoking [4, 10–13, 18–20, 22, 23, 26, 27].
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Agents Origin, localization Physiological effects and potential role 
in emphysema pathogenesis in COPD

References

Neurokinins 
Substance P 
(SP)

Sensitive nerve 
endings. SP receptors 
on respiratory and 
glandular epithelial 
cells and endothelial 
cells.
Neurokinin receptor-1 
affixed to SP is found 
in submucous glands, 
and SP release from 
nociceptive nerves 
is responsible for 
secretion of glands

Belongs to the family of tachykinins, 
sensory peptides. Induces vasodilation 
and transudation of blood plasma in the 
respiratory tract.
Induces chemotaxis of monocytes, 
neutrophils, and eosinophils and 
stimulates macrophages to produce 
mediators of inflammation and 
neutrophil elastase.
Powerful mast cell stimulator, causing 
their degranulation. Sources and release 
of histamine and cytokine synthesis 
(IL-6). Takes part in neurogenic 
inflammation when stimulating the 
production of IgA from B lymphocytes 
and cytokines from T-helper cells.
Enhances the release of acetylcholine 
from the postganglionic cholinergic 
nerves of the respiratory tract
It causes smooth muscle contraction, 
secretion of submucous glands, 
vasodilation, and increased vascular 
permeability.
Tobacco smoking inhibits the activity 
of the enzyme endopeptidase, which 
enhances the activity of SP

[40, 45,  
48, 49]

Neurokinins 
Neurokinin А

The highest density 
in the nerve fibers 
around the arteries. 
Tachykinin receptor 
subtypes NK1, NK2, 
and NK3

Belongs to the family of tachykinins, 
sensory peptides. Contraction of smooth 
muscles; secretion of submucous 
glands; vasodilation; increased 
vascular permeability; stimulation of 
cholinergic nerves, mast cells, B and 
T lymphocytes, and macrophages; 
eosinophil chemoattraction; and adhesion 
of neutrophils in the vessels of the 
respiratory tract with activation following

[44, 50, 51]

Neuropeptide 
-γ

It is produced in some 
of the upper cervical 
ganglia and the bodies 
of the main palatine 
cells
Sympathetic nerves 
contain either 
norepinephrine or 
norepinephrine and 
neuropeptide Y

Reduces the frequency of vibrations 
of ciliary cells induced by cholinergic 
nerves, providing an inhibitory effect on 
these nerves
Sympathetic reflexes cause 
vasoconstriction and can also stimulate 
the secretion of certain glands in the 
trachea and bronchi

[38, 39, 48]

Receptor NK1 NK1 tachykinin 
receptor mRNA 
is found in the 
pulmonary arteries, 
veins, and human 
bronchi, in the 
endothelium of the 
veins and arteries, and 
in the smooth muscles 
of the bronchi, as well 
as in lymphocytes, 
macrophages, and 
mastocytes

The tachykinin receptor NK1, with the 
highest affinity for SP. SP, in turn, is a 
powerful mast cell stimulator, causing 
their degranulation, and induces the 
chemotaxis of monocytes, neutrophils, 
eosinophils, and stimulates macrophages 
to produce inflammatory mediators and 
neutrophilic elastase

[40, 42, 45]
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Table 1. 
Endothelium-related Components of emphysema development in COPD and smoking [4, 10–13, 18–20, 22, 23, 26, 27].
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Agents Origin, localization Physiological effects and potential role 
in emphysema pathogenesis in COPD

References

Neurokinins 
Substance P 
(SP)

Sensitive nerve 
endings. SP receptors 
on respiratory and 
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of the enzyme endopeptidase, which 
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[40, 45,  
48, 49]

Neurokinins 
Neurokinin А

The highest density 
in the nerve fibers 
around the arteries. 
Tachykinin receptor 
subtypes NK1, NK2, 
and NK3

Belongs to the family of tachykinins, 
sensory peptides. Contraction of smooth 
muscles; secretion of submucous 
glands; vasodilation; increased 
vascular permeability; stimulation of 
cholinergic nerves, mast cells, B and 
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eosinophil chemoattraction; and adhesion 
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[44, 50, 51]

Neuropeptide 
-γ

It is produced in some 
of the upper cervical 
ganglia and the bodies 
of the main palatine 
cells
Sympathetic nerves 
contain either 
norepinephrine or 
norepinephrine and 
neuropeptide Y

Reduces the frequency of vibrations 
of ciliary cells induced by cholinergic 
nerves, providing an inhibitory effect on 
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the secretion of certain glands in the 
trachea and bronchi

[38, 39, 48]

Receptor NK1 NK1 tachykinin 
receptor mRNA 
is found in the 
pulmonary arteries, 
veins, and human 
bronchi, in the 
endothelium of the 
veins and arteries, and 
in the smooth muscles 
of the bronchi, as well 
as in lymphocytes, 
macrophages, and 
mastocytes

The tachykinin receptor NK1, with the 
highest affinity for SP. SP, in turn, is a 
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their degranulation, and induces the 
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eosinophils, and stimulates macrophages 
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[40, 42, 45]
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fibers, excessive release of neuropeptide mediator is accompanied by a number 
of plastic and destructive processes due to a cascade of pathological reactions of 
neurogenic inflammation [38, 39]. In addition to substance P of neuronal origin, 
neuropeptides from cells of the immune system—eosinophils, basophils, mono-
cytes, macrophages and lymphocytes—join the realization of neurogenic inflam-
mation [38, 40, 41]. The obtained data indicate the role of the disturbance of the 
activity of the neurokinin system in the development and maintenance of mor-
phofunctional changes in the pathology of the respiratory tract associated with 
smoking [42–46]. Chronic exposure to cigarette smoke has been shown to increase 
SP expression in neurons of the central nervous system [35–37] and simultane-
ously inhibits the activity of enzymes that metabolize neurokinins [39, 40, 43].  
According to experimental study, even low concentrations of cigarette smoke 
significantly reduce the topical activity of neuronal endopeptidase and increase 
the concentration of CP in the respiratory tract [35]. The contribution of excessive 
sensitivity of NK1 receptors in the airways to the development of bronchocon-
striction under the influence of tobacco smoke irritants and/or during bronchial 
asthma has been proven [42, 43, 47]. At the same time, the components and 
mechanisms of neurogenic inflammation in the development of emphysema 
associated with prolonged exposure to tobacco smoke are poor and fragmentary in 
the literature.

In Table 2 we have tried to compose information about potential neuro-medi-
ated mechanisms of emphysema development in COPD and tobacco smoking.

3.  Mechanisms of neurogenic inflammation in the tissue remodeling 
processes in emphysema: own researches

3.1  Study of the neurogenic inflammation mechanisms in the emphysema 
formation in the experiment

To study the contribution of the components of neurogenic inflammation 
to the processes of tissue remodeling in pulmonary emphysema associated with 
smoking, an experimental model of long-term tobacco smoking in vivo in rats 
was reproduced. The experiment was performed in appliance with the model 
D. According to Zheng [53] in our own modification [54], the duration of expo-
sure to tobacco smoke in terms of human life is 12 years. The features of the 

Agents Origin, localization Physiological effects and potential role 
in emphysema pathogenesis in COPD

References

Receptor NK2 
Receptor NK3

NK2 receptor mRNA 
is abundantly 
expressed in the 
human bronchi 
and weakly in the 
pulmonary veins and 
arteries
NK3 tachykinin 
receptor mRNA 
is found in the 
pulmonary arteries, 
veins, and human 
bronchi

The tachykinin receptor NK2, with the 
highest affinity for neurokinin A.
Tachykinin receptor NK3, with the 
highest affinity for neurokinin B
The release of histamine from mouse 
mast cells is mediated through tachykinin 
NK2 receptors

[40, 42,  
45, 52]

Table 2. 
Potential neuro-mediated mechanisms of emphysema development in COPD and tobacco smoking.
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distribution and activity of SP, NK1, MMP-2, MMP-9, and TIMP-2 in the tissues 
of the mucous membrane of the lungs were performed using the immunoper-
oxidase method on cryostat sections of 15 μm in thickness according to standard 
methods. The following primary antibodies were used: anti-SP (Abcam, ab 14184, 
1:200, США), anti-NK1 (Chemicon AB 5060, 1:500, USA), anti-MMP2 (rabbit 
polyclonal, ThermoScientific), anti-MMP9 (rabbit polyclonal, ThermoScientific, 
rb-9234-p, 1:200), anti-TIMP2 (rabbit polyclonal, Abcam, ab61224, 1:100), second-
ary biotinylated antibodies (ThermoScientific, 1:200), streptavidin peroxidase 
(ThermoScientific), and chromogen (Peroxidase Substrate Kit, VectorNovaRED, 
SK-4800). Morphological studies were performed in the laboratory of the Pacific 
State Medical University.

The results of morphological studies of the bronchopulmonary system of rats in 
the control group and with the model of long-term tobacco smoking are presented 
in Figure 1.

Morphological changes in the lungs of rats with a long-term tobacco smoking 
model are focal. Over the entire area of the slice of the lungs, there are fields with 
pronounced emphysematous changes, accompanied by loss of the integrity of the 
alveoli and the formation of large emphysematous expansions, an increase in the 
thickness of the interalveolar septa (Figure 1B, D). In other parts of the lung paren-
chyma, there are signs of swelling and/or hemorrhagic impregnation in peribron-
chial spaces. Cellular composition contains cells of immune inflammation—plasma 
cells, lymphocytes, and macrophages.

The distribution of the components of the neurokinin system of rats obtained 
by morphological examination of the bronchi and lungs coincides with the previ-
ously described data [55] and is shown in Figure 2. Nerve fibers secreting SP are 
presented in the subepithelial zones of the bronchi (Figure 2A); their penetration is 
recorded in the epithelial layer (Figure 2B), pulmonary parenchyma (Figure 2D), 
and adventitia of pulmonary vessels (Figure 2E).

The morphometry of the components of the neurokinin system in the bron-
chopulmonary system of rats was compared with the model of long-term tobacco 
smoking and control animals (Table 3).

Figure 1. 
The lung (A, B) and bronchi (C, D) of animals in the control group (A, C) and rats with the DTC model 
(B, D). Coloring: hematoxylin-eosin. Scale: A, B (500 microns); C, D (100 microns).
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distribution and activity of SP, NK1, MMP-2, MMP-9, and TIMP-2 in the tissues 
of the mucous membrane of the lungs were performed using the immunoper-
oxidase method on cryostat sections of 15 μm in thickness according to standard 
methods. The following primary antibodies were used: anti-SP (Abcam, ab 14184, 
1:200, США), anti-NK1 (Chemicon AB 5060, 1:500, USA), anti-MMP2 (rabbit 
polyclonal, ThermoScientific), anti-MMP9 (rabbit polyclonal, ThermoScientific, 
rb-9234-p, 1:200), anti-TIMP2 (rabbit polyclonal, Abcam, ab61224, 1:100), second-
ary biotinylated antibodies (ThermoScientific, 1:200), streptavidin peroxidase 
(ThermoScientific), and chromogen (Peroxidase Substrate Kit, VectorNovaRED, 
SK-4800). Morphological studies were performed in the laboratory of the Pacific 
State Medical University.

The results of morphological studies of the bronchopulmonary system of rats in 
the control group and with the model of long-term tobacco smoking are presented 
in Figure 1.

Morphological changes in the lungs of rats with a long-term tobacco smoking 
model are focal. Over the entire area of the slice of the lungs, there are fields with 
pronounced emphysematous changes, accompanied by loss of the integrity of the 
alveoli and the formation of large emphysematous expansions, an increase in the 
thickness of the interalveolar septa (Figure 1B, D). In other parts of the lung paren-
chyma, there are signs of swelling and/or hemorrhagic impregnation in peribron-
chial spaces. Cellular composition contains cells of immune inflammation—plasma 
cells, lymphocytes, and macrophages.

The distribution of the components of the neurokinin system of rats obtained 
by morphological examination of the bronchi and lungs coincides with the previ-
ously described data [55] and is shown in Figure 2. Nerve fibers secreting SP are 
presented in the subepithelial zones of the bronchi (Figure 2A); their penetration is 
recorded in the epithelial layer (Figure 2B), pulmonary parenchyma (Figure 2D), 
and adventitia of pulmonary vessels (Figure 2E).

The morphometry of the components of the neurokinin system in the bron-
chopulmonary system of rats was compared with the model of long-term tobacco 
smoking and control animals (Table 3).

Figure 1. 
The lung (A, B) and bronchi (C, D) of animals in the control group (A, C) and rats with the DTC model 
(B, D). Coloring: hematoxylin-eosin. Scale: A, B (500 microns); C, D (100 microns).
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The content of SP-containing fibers and NK1-positive structures in the control 
group and in the model of long-term tobacco smoking shows an ambiguous pattern. 
An increase in the distribution area of SP-immunopositive nerve fibers in the lungs 
and bronchi of experimental animals was found to be 10.7 and 9.4%, respectively, 
compared with the control group. The most significant increase in fiber density was 
observed in the adventitia of pulmonary parenchyma vessels compared with other 
structures. Being a vasodilator, substance P increases vascular permeability and 
promotes adhesion and penetration of leukocytes into the surrounding tissues for the 
realization of local immune reactions involved in the development of destructive pro-
cesses in the pulmonary parenchyma. Regarding NK1-positive elements, it should be 
noted that there is no change in their content in the lung tissue and a moderate increase 
in the density in the bronchial wall against the background of a decrease in the total 
number and NK1-immunoreactive tissue basophils. Obviously, substance P plays a key 
role in the implementation of neurogenic inflammation processes in chronic exposure 
to tobacco smoke. The established pattern of changes in NK1-positive structures can 
be explained by the ability of SP to cause mast cell degranulation and NK1 receptor-
dependent release of histamine and serotonin involved in local inflammatory answer.

Figure 2. 
Distribution of SP- and NK1-reactive structures in the bronchopulmonary system of rats. Coloring: 
immunoperoxidase reaction on SP; repainting, hematoxylin-eosin. Scale: A, 100 microns; B–E, 50 microns.
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One of the leading stimulators of the synthesis of substance P in the model 
of long-term tobacco smoking is hypoxia which changes the humoral regulation 
of blood flow [55]. SP can adjust the change in vessel diameter at the unchanged 
vascular wall using an axon reflex for adequate blood flow at a given point in time. 
However, when the architectonics of the vascular wall changes, the SP loses its func-
tion as a regulator and can participate in both excessive vasodilation and paradoxi-
cal vasoconstriction.

In the development of the structural remodeling of the respiratory system, there 
are several morphological phenomena that accompany this process and are the basis 
for the development of reversible and irreversible morphofunctional changes. These 
include thinning of the epithelial layer, development of subepithelial fibrosis, an 
increase in smooth muscle thickness, an increase in the number and/or size of the 
submucosal glands, and the activation of angiogenesis processes [56]. In the patho-
genesis of the changes taking place, great importance is attached to the activity of the 
enzymes of the extracellular matrix, which ensure the degradation of its interstitial 
proteins. Modern advances in proteomics have shown that for normal development, 
physiological renewal, restoration of healthy tissues, and the formation of pathological 
changes in tissue morphology, two groups of proteins are leading—MMPs and their 
tissue inhibitors [57, 58]. MMPs are a family of 20 zinc and calcium-dependent endo-
peptidases capable of cleaving almost all components of the extracellular matrix of 
connective tissues [59]. The level of synthesis and secretion of MMP into the extracel-
lular space is regulated by transcription factors, and their proteolytic activity depends 
on the chemical transformations of the enzyme molecule in the interstitial space. As 
a result, either activation of the proenzymes or inhibition of their active forms can be 
observed. Depending on the type of protein metabolized, MMP can be divided into 
collagenases (MMP-1, MMP-8, and MMP-13), gelatinase (MMP-2 and MMP-9), stro-
malins (MMP-3 and MMP-10), etc. [60, 61]. In mammals there are four known TIMPs 
that inhibit all MMPs in a 1:1 ratio by strong covalent bonding [62]. It is believed that 
the balance of proteolytic and antiproteolytic mechanisms maintained in different 
tissues and organs is carried out by a specific set of intercellular matrix enzymes and 
their inhibitors [59, 63]. On the other hand, each process has a specific set of depressed 
matrix proteolytic enzymes. In this regard, great prospects in creating targeted therapy 
for many pathological processes are associated with the determination of the tissue 
specificity of the enzymes of the extracellular matrix and the identification of patterns 
of changes in their activity during the development of pathology.

Indicator Bronchi Lungs

Control Experiment 
(long-term 

smoking model)

Control Experiment (long-
term smoking model)

SP distribution area (%) 5.11 ± 
0.36

5.59 ± 0.14* 4.60 ± 
0.29

5.10 ± 0.34*

NK1 distribution area (%) 0.27 ± 
0.03

0.31 ± 0.03* 0.16 ± 
0.016

0.16 ± 0.02

NK1-positive mast cells (in 
1 mm3 of the tissue)

92.68 ± 
19.26

76.39 ± 15.74*

General population of tissue 
basophils (in 1 mm3 of the 
tissue)

129.53 ± 
19.64

106.93 ± 7.64*

*The differences are significant with р < 0.05.

Table 3. 
Morphometric characteristics of SP- and NK1-immunoreactive structures in the bronchopulmonary system of rats.
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A number of studies have shown the role of individual types of MMP in the 
development of nicotine-associated pathology of the lungs and bronchi [57, 58]. 
To clarify the role of the leading MMP—MMP9 related to the inducible form and 
MMP2—considered as a constitutive variant of the enzyme in the development of 
pulmonary emphysema associated with long-term smoking, we studied the immu-
nohistochemical and biochemical content of enzymes in the tissues and homog-
enates of rats with long-term smoking patterns (Figure 3).

In the bronchopulmonary system of rats, prolonged exposure to tobacco smoke 
is accompanied by ambiguous dynamics of the content of matrix metalloproteinases 
and their inhibitors. Normally, the activity of MMP-2 and MMP-9 is recorded in the 
cytoplasm and processes of bronchial and pulmonary fibroblasts, which form a thin 
MMP-positive strip in the lamina propria of the bronchial mucosa (Figure 3A, B) 
and in the interalveolar septa (Figure 3C). In the lungs and bronchi of rats with the 
long-term tobacco smoking model, a marked decrease in the immunohistochemical 
activity of MMP-2 and MMP-9 was observed. At the same time, in the acute phase of 
the experiment, the number and intensity of coloring of immunopositive structures on 
MMP-2 and MMP-9 are higher than in the control group. According to the quantitative 

Figure 3. 
Immunohistochemical (A–C) and biochemical determination of MMP in the bronchopulmonary system of rats 
with a model of long-term tobacco smoking. Coloring—immunohistochemical reaction to MMP-2 and MMP-9. 
Scale: A, B, B—50 μm. Localization of MMP-2 in the wall of the bronchus (A, B) and interalveolar septa (C). 
(D) Zymogram of MMP-2 and MMP-9. Lanes 1–4, lung homogenates of rats of the control group; lanes 5–8, 
lung homogenates of rats with a model of long-term tobacco smoking.

Indicators Control Experiment (long-
term smoking model)

Control Experiment (long-term 
smoking model)

ММР-9 ММР-2

Conventional 
density units

742689.75 450081.25* 367243.25 246414.75*

ММР-9/ММР-2 2.02 (control) 1.83 (experiment (long-term smoking 
model))

*The differences are significant with р < 0.05.

Table 4. 
The contents of MMP-2 and MMP-9 in the homogenates of the lungs of rats.
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determination of enzymes in the homogenates of lung tissue (Figure 3D, Table 4),  
the resulting trend is confirmed. That is, with the development of pulmonary 
emphysema associated with prolonged smoking in the lung tissue, the content of both 
MMPs decreases evenly.

An analysis of the immunohistochemical composition of the tissue inhibitor 
of both MMP and TIMP-2 showed a marked decrease in its representation in the 
structures of the bronchopulmonary system of animals on a model of long-term 
smoking (Figure 4).

In intact animals, the enzyme localization occurs in the respiratory epithelial 
cells of the bronchial membrane (Figure 4C, indicated by arrows) and fibroblasts 
of the interalveolar septa (Figure 4B). In animals of the main group, the overall 
intensity of immunohistochemical staining of lung tissue decreases, and at high 
magnifications of the microscope, it is possible to fix a significant depression of the 
color or complete disappearance of the enzyme content in the epithelial lining cells 
of the bronchi and lung parenchyma tissue (Figure 4, indicated by arrows).

According to the data obtained, the immunolocalization of MMP-2, MMP-9, 
and TIMP-2 repeats the basic pattern of distribution of pro-inflammatory cells 
and coincides with the foci of the most noticeable rearrangements of the connec-
tive tissue of the bronchi and the pulmonary parenchyma. In the acute phase of 
the experiment, the activity of the markers is significantly higher compared to the 
control; after 6 months of exposure to smoke, there is a decrease of the proteolytic 
activity and at the same time the processes of its inhibition.

3.2  Study of the neurogenic inflammation mechanisms of the emphysema 
formation in humans

In addition to studying the processes of neurogenic inflammation and the 
contribution of matrix metalloproteinases to the development of emphysema in the 

Figure 4. 
The distribution of the content of TIMP-2 in the lungs of rats of the control (A–C) and with the model of long-
term tobacco smoking (D) groups. Coloring—immunohistochemical reaction to TIMP-2. Scale A, 100 microns; 
GD, 50 microns. A total enzyme content in the tissues of the bronchopulmonary system. B-TIMP-2-positive 
fibroblasts of the interalveolar septa. B-content of the enzyme in the epithelial cells of the small bronchus 
(indicated by arrows). G-reduction of the enzyme content in epithelial cells of the bronchus of rats with a 
model of prolonged smoking (indicated by arrows).
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A number of studies have shown the role of individual types of MMP in the 
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and in the interalveolar septa (Figure 3C). In the lungs and bronchi of rats with the 
long-term tobacco smoking model, a marked decrease in the immunohistochemical 
activity of MMP-2 and MMP-9 was observed. At the same time, in the acute phase of 
the experiment, the number and intensity of coloring of immunopositive structures on 
MMP-2 and MMP-9 are higher than in the control group. According to the quantitative 

Figure 3. 
Immunohistochemical (A–C) and biochemical determination of MMP in the bronchopulmonary system of rats 
with a model of long-term tobacco smoking. Coloring—immunohistochemical reaction to MMP-2 and MMP-9. 
Scale: A, B, B—50 μm. Localization of MMP-2 in the wall of the bronchus (A, B) and interalveolar septa (C). 
(D) Zymogram of MMP-2 and MMP-9. Lanes 1–4, lung homogenates of rats of the control group; lanes 5–8, 
lung homogenates of rats with a model of long-term tobacco smoking.

Indicators Control Experiment (long-
term smoking model)

Control Experiment (long-term 
smoking model)

ММР-9 ММР-2

Conventional 
density units

742689.75 450081.25* 367243.25 246414.75*

ММР-9/ММР-2 2.02 (control) 1.83 (experiment (long-term smoking 
model))

*The differences are significant with р < 0.05.

Table 4. 
The contents of MMP-2 and MMP-9 in the homogenates of the lungs of rats.
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experiment, we analyzed the content of neurokinin system markers, the localiza-
tion, and the content of MMP-2, MMP-9, and TIMP-2 in human lung tissue struc-
tures. Morphological studies of autopsy material were performed on 12 individuals 
aged 51–65 years and 3 women and 9 men, average age 61.5 ± 4.14 years, who died 
a sudden death outside the hospital. The long-term history of tobacco smoking was 
clarified from the close relatives and on the basis of the data of the outpatient card. 
Features of the distribution and activity of SP, NK1, MMP-9, and TIMP-2, in lung 
tissues were investigated using the immunoperoxidase method on cryostat sections 

Figure 5. 
Distribution of the content of SP (A, C, E, G) and NK1 (B, D, F, H) in the bronchopulmonary system in 
persons with emphysema. Coloring: immunohistochemical reaction to SP and NK1, stained with hematoxylin. 
Scale: A, B, E, G (50 microns); C, D (100 microns); and F, H (20 microns). Nerve fibers innervating the 
wall of the bronchus (A) and interalveolar partitions (C). Localization of SP-positive macrophages in 
peribronchial infiltrates (E). SP-positive glandulocytes of the bronchial glands (G). Localization of neurokinin 
receptors on the surface of peribronchial macrophages (B), dust macrophages (D), vascular endothelial cells 
(F), and chondrocytes of the fibrocartilage membrane of the bronchi (H).
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of 15 μm in thickness according to the standard procedure using the primary 
antibody line described above.

In lung tissue and bronchial wall of patients with pulmonary emphysema, 
positive SP immunoreactivity is found mainly in the nerve fibers (Figure 5). More 
common are single conductors having a uniform ribbonlike course and numerous 
varicose thickenings. With a successful coincidence of the cut plane with the spatial 
geometry of the fibers, it is possible to observe beams extending 300–500 μm. Fibers 
penetrate through the walls of the bronchi of medium and small caliber, spread 
around the perimeter of the submucosa (Figure 5A, B). In the interstitial tissue, 
lightweight fibers have a diameter of 0.5–1 microns, and sometimes they are grouped 
into clusters with the formation of numerous terminals. Probably, the latter are 
areas of the most dense accumulation of neuromuscular and glandular contacts. The 
morphological characteristics of the colored conductors allow them to be treated as 
mixed (afferent and motor) fibers. High SP expression is also detected in peribron-
chial leukocyte infiltrates (Figure 5D). Here, high immunoreactivity is observed 
for neurokinin receptors of type 1 (Figure 5B, D). The preferential localization of 
the NK1 surface of the membranes of the secretory epithelial cells of the bronchial 
glands, alveolar and stromal macrophages, microvascular endothelial cells, and ele-
ments of the fibrocartilage membrane (Figure 5B, D, E, H) should be emphasized.

Prolonged pathological effects of tobacco combustion products entail the forma-
tion of structural changes with the active involvement of the neurokinin innerva-
tion apparatus localized in the mucous membranes of the respiratory system. The 
increase in the number of macrophage cells and NK1-positive macrophages, and 
the direct interaction between them and afferent fibers, through terminals, sug-
gests the involvement of sensory nerve fibers in the regulation of local immune, 

Figure 6. 
Localization of MMP-9 in the lungs (A, B) of a person. Coloring: immunohistochemical reaction to MMP-9, 
stained with hematoxylin. Scale: A (50 microns); B (100 microns).

Figure 7. 
Localization of TIMP-2 pulmonary parenchyma in individuals with emphysema. Coloring: 
immunohistochemical reaction to TIMP-2, stained with hematoxylin. Scale: 100 microns.



Update in Respiratory Diseases

26

experiment, we analyzed the content of neurokinin system markers, the localiza-
tion, and the content of MMP-2, MMP-9, and TIMP-2 in human lung tissue struc-
tures. Morphological studies of autopsy material were performed on 12 individuals 
aged 51–65 years and 3 women and 9 men, average age 61.5 ± 4.14 years, who died 
a sudden death outside the hospital. The long-term history of tobacco smoking was 
clarified from the close relatives and on the basis of the data of the outpatient card. 
Features of the distribution and activity of SP, NK1, MMP-9, and TIMP-2, in lung 
tissues were investigated using the immunoperoxidase method on cryostat sections 

Figure 5. 
Distribution of the content of SP (A, C, E, G) and NK1 (B, D, F, H) in the bronchopulmonary system in 
persons with emphysema. Coloring: immunohistochemical reaction to SP and NK1, stained with hematoxylin. 
Scale: A, B, E, G (50 microns); C, D (100 microns); and F, H (20 microns). Nerve fibers innervating the 
wall of the bronchus (A) and interalveolar partitions (C). Localization of SP-positive macrophages in 
peribronchial infiltrates (E). SP-positive glandulocytes of the bronchial glands (G). Localization of neurokinin 
receptors on the surface of peribronchial macrophages (B), dust macrophages (D), vascular endothelial cells 
(F), and chondrocytes of the fibrocartilage membrane of the bronchi (H).

27

Smoking and COPD: Endothelium-Related and Neuro-mediated Emphysema Mechanisms
DOI: http://dx.doi.org/10.5772/intechopen.85927

of 15 μm in thickness according to the standard procedure using the primary 
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positive SP immunoreactivity is found mainly in the nerve fibers (Figure 5). More 
common are single conductors having a uniform ribbonlike course and numerous 
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geometry of the fibers, it is possible to observe beams extending 300–500 μm. Fibers 
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into clusters with the formation of numerous terminals. Probably, the latter are 
areas of the most dense accumulation of neuromuscular and glandular contacts. The 
morphological characteristics of the colored conductors allow them to be treated as 
mixed (afferent and motor) fibers. High SP expression is also detected in peribron-
chial leukocyte infiltrates (Figure 5D). Here, high immunoreactivity is observed 
for neurokinin receptors of type 1 (Figure 5B, D). The preferential localization of 
the NK1 surface of the membranes of the secretory epithelial cells of the bronchial 
glands, alveolar and stromal macrophages, microvascular endothelial cells, and ele-
ments of the fibrocartilage membrane (Figure 5B, D, E, H) should be emphasized.

Prolonged pathological effects of tobacco combustion products entail the forma-
tion of structural changes with the active involvement of the neurokinin innerva-
tion apparatus localized in the mucous membranes of the respiratory system. The 
increase in the number of macrophage cells and NK1-positive macrophages, and 
the direct interaction between them and afferent fibers, through terminals, sug-
gests the involvement of sensory nerve fibers in the regulation of local immune, 

Figure 6. 
Localization of MMP-9 in the lungs (A, B) of a person. Coloring: immunohistochemical reaction to MMP-9, 
stained with hematoxylin. Scale: A (50 microns); B (100 microns).

Figure 7. 
Localization of TIMP-2 pulmonary parenchyma in individuals with emphysema. Coloring: 
immunohistochemical reaction to TIMP-2, stained with hematoxylin. Scale: 100 microns.
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inflammatory, and destructive processes in the lung tissue during smoking-induced 
emphysema.

In contrast to the experimental data, in individuals with long periods of smok-
ing and emphysema, there is an increase in the immunohistochemical density of 
MMP-9 in the pulmonary parenchyma (Figure 6), while TIMP-2 is practically 
undetermined (Figure 7).

In this way, from the presented data of experimental modeling of emphysema 
associated with long-term smoking, as well as studies in people with pulmonary 
emphysema and long-term tobacco smoking experience, neurogenic inflamma-
tion takes an active part in the processes of remodeling of lung tissue. Markers of 
neuro-mediated inflammation activity are overexpression of SP-containing nerve 
fibers, the presence of NK-1-tagged macrophages, mast cell degranulation, and an 
immune-mediated pattern of inflammatory infiltrate. Pathomorphosis of pulmo-
nary parenchyma destruction in nicotine-associated pulmonary emphysema is 
associated with dysregulation in the state of the family of matrix metalloprotein-
ases. In the acute period of exposure to tobacco combustion products, overexpres-
sion of MMP-9 is observed with suppression of the activity of the tissue inhibitor 
TIMP-2, followed by depression of the tissue content of both MMP-2 and MMP-9 
and an inhibitor of their activity TIMP-2. In individuals with pulmonary emphy-
sema, the MMP-9 tissue pattern retains its excessive representation.

4. Conclusions and future directions

Results from human and animal studies indicate that endothelial dysfunction 
and injury contribute not only to the genesis and progression of pulmonary lesions 
in COPD (especially emphysema development) but may also contribute to some of 
the common comorbidities and systemic effects reported in COPD patients. Vascular 
endothelium initiates and modulates the main pathomorphic processes in COPD and 
smoking. In particular, endothelium activation is an important factor of initiation, 
development and persistence of inflammation, and vessel and tissue remodeling, 
in particular emphysema. It is not by chance that the relationship of emphysema 
of the lungs is described in violation of the mechanical properties of the aorta and 
excessive stiffness of other exponents’ bloodstream [4, 6, 64]. At the basis of these 
pathological processes are common (genetically determined and pathologically 
determined) mechanisms associated with impaired collagen-elastin metabolism.

The latest studies are conducted in the direction of studying not simple, 
associated with the endothelium, but specific neuro-mediated mechanisms of 
emphysema development in COPD and smoking. Our studies presented in this 
chapter describe the study of the processes of neurogenic inflammation and the 
contribution of matrix metalloproteinases to the development of emphysema in the 
experiment and in humans.

We are confident that there is a special morphofunctional continuum in the 
development of lower respiratory tract remodeling in response to chronic exposure 
to tobacco smoke and the development of inflammation in COPD. New data suggest 
that imbalance of neuro-mediated interactions, alteration of vasomotoric signaling 
mechanisms, secretion, mucociliary clearance, cytoprotection involving substance 
P-dependent components with impaired content, and development of dystopia of 
matrix metalloproteinases and their tissue inhibitors are involved in the initiation of 
morphological restructuring. Future studies should also assess the extent to which 
endothelial dysfunction and injury, particularly neuro-mediated mechanisms, 
underlie emphysema in COPD and smoking as target to therapeutic and prophylac-
tic impacts.
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Abstract

Emphysema (Greek word meaning to inflate/to blow) is an increase in the size of 
airspace distal to the terminal bronchiolus, that is, hyperinflation of the alveoli due 
to the destruction of the gas-exchanging structures: alveolar walls, alveolar ducts, 
and respiratory bronchioles with coalescence of airspaces into the abnormal, much 
larger airspaces. The main consequences are the reduction of alveolar surface for gas 
exchange and the chronic obstructive pulmonary disease due to the destruction and 
disappearance of respiratory bronchioles with decreased total small airway diam-
eter sum. Both decreased alveolar surface for gas exchange and chronic obstructive 
pulmonary disease lead to difficulty in breathing with dyspnea varying from mild 
to very severe. Two main pathohistologic types of emphysema are centriacinar and 
panacinar. Centriacinar emphysema involves the central portion of the acinus, 
and inflation mainly involves respiratory bronchioles and adjacent alveoli, and 
not all alveoli inside the acinus are involved. Panacinar (panlobular) emphysema 
is characterized by uniform enlargement and destruction of alveoli throughout 
the entire acinus. The panacinar emphysema is rare and its most common cause is 
hereditary alpha-1 antitrypsin deficiency. The centriacinar emphysema is the most 
frequent emphysema. It is mainly caused by smoking but also by coal dust exposure 
and advanced age.

Keywords: emphysema, chronic obstructive pulmonary disease, smoking, coal 
dust, alpha-1 antitrypsin deficiency, oxidative radicals, telomeres

1. Introduction

Emphysema, enlarged airspaces due to destruction of alveolar walls, respiratory 
bronchioles, and alveolar ducts, is a well-defined disease. However, in the medical 
practice, it is mainly encountered as an essential component of the chronic obstruc-
tive pulmonary disease syndrome. Other components are chronic bronchitis, small 
airway disease, small airway hyperactivity, and inflammation. Chronic obstruc-
tive pulmonary disease presents with cough, sputum production, and exertional 
dyspnea. In advanced cases, patients are breathless while doing even simple daily 
activities and may develop resting hypoxemia (blue cyanotic lips and finger nails) 
that requires continuous application of supplemental oxygen. Chronic obstructive 
pulmonary disease during its course is complicated by viral, bacterial, and fungal 
infections, and pneumonias and chronic obstructive pulmonary disease are the 
fourth leading cause of death in the USA. Urban air pollution and industrial air 
pollution are contributory factors in the genesis of chronic obstructive pulmonary 
disease, and with increase in cigarette smoking in developing countries, an estimate 
is that the chronic obstructive pulmonary disease will rise from the sixth to the 
third most common cause of death worldwide by the year 2020 [1].
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2. Heading

2.1 Morphologic and histologic features of the normal lung

A normal lung consists of airways and alveoli. Airways are tubes (pipes) that 
conduct air to alveoli where gas exchange occurs. Oxygen (O2) through alveolar wall 
enters into red blood cells in the alveolar capillaries and binds to hemoglobin, while 
carbon dioxide (CO2) goes in opposite direction being released from hemoglobin, 
enters alveoli, and is being exhaled.

The trachea beyond the carina undergoes to about 23 generations of dichoto-
mous branching. Airway tubes with diameter of more than 1 mm are called bronchi. 
With each division the diameter of the bronchus becomes smaller, but the sum of 
the two diameters exceeds diameter of the parent bronchus meaning that with divi-
sions resistance to air flow becomes smaller. The bronchus consists of the lumen, 
mucosa, submucosa, muscularis, cartilage, and adventitia that is composed of 
connective tissue and contains lymphatics (Figure 1).

Bronchi are accompanied by branches of the pulmonary artery that have a 
diameter of similar size to the diameter of the bronchus they follow. The mucosa is 
mainly lined by columnar respiratory epithelium with cilia. All columnar cells lie on 
a basement membrane, but since columnar cells differ in their length, nuclei differ 
in their position regarding basal membrane, and respiratory epithelium appears 
stratified, but in fact it is pseudostratified. The mucosa also contains small number 
of mucinous cells that contain apical mucin, small number of basal cells, and rare 
neuroendocrine cells. Basal cells are precursors of ciliated cells and of mucinous 
goblet cells. Cilia arise from the apices of the respiratory cells and serve as escalator 
pushing mucin upstream to the throat and nose. Neuroendocrine cells are scattered 
singly and form small groups, neuroepithelial bodies near the airway bifurcations. 
The functional significance of the neuroendocrine cells is largely unknown. Beneath 
the pseudostratified ciliated mucosa is the submucosa that consists of loose con-
nective tissue harboring bronchial mucous (seromucinous) glands, lymphoid tissue 
aggregates, and plasma cells. Mucinous glands secrete mucus composed of glycopro-
tein, proteoglycans, lipids, IgA (secretory) immunoglobulins, lysozyme peroxidase, 
and other substances to inactivate invading microorganisms, and trap air pollu-
tion particles. Cartilage plate and muscle bundles lie beneath the submucosa. The 
cartilage prevents collapse of the bronchial lumen. There are about 9–12 generations 
of bronchi. The smallest bronchi are 1 mm in diameter. Bronchi branch into the 
bronchiole. Bronchioles are less than 1 mm in diameter and they lack cartilage and 

Figure 1. 
Portion of the wall of the bronchus with respiratory epithelium with cilia, smooth muscle layer, and cartilage.
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exocrine mucinous glands in their walls. The larger bronchioles are called terminal 
bronchioles and measure on average 0.5–1 mm. Since terminal bronchioles do not 
contain cartilage, they are also called membranous bronchioles (Figure 2).

Terminal bronchioles consist of respiratory mucosa composed of one layer 
of cuboidal ciliated respiratory cells and occasional Clara cells. Clara cells are 
non-ciliated columnar epithelial cells with protuberant apical cytoplasm that 
contains granules of surfactant and protease inhibitors. Clara cells are also precur-
sors of bronchiolar epithelial cells. Goblet cells are generally not present or rare 
in the mucosa of the terminal bronchioles. Beneath the mucosa of the terminal 
bronchiolus is a layer of smooth muscle and connective tissue adventitia. Terminal 
bronchioles branch into the respiratory bronchioles. One side of the airway wall of 
the respiratory bronchiolus is lined by simple columnar to cuboidal bronchiolar epi-
thelium without cilia. The opposite wall is lined by alveoli, that is, the wall consists 
of openings of the alveolar sacs. The average diameter of respiratory bronchioles is 
0.15–0.2 mm. The respiratory bronchioles branch into about two more generations 
of respiratory bronchioles. Respiratory bronchioles branch into alveolar ducts, 
straight tubular spaces bounded entirely by alveoli (Figure 3).

In fact all alveoli (alveolar sacs) open into the alveolar ducts. Thus alveoli 
have incomplete wall and alveolar sacs are outpockets of alveolar ducts. Alveoli 
that appear lined with alveolar walls on all sides are in fact artifact of cut section. 
Alveolar ducts are not accompanied by the artery. The acinus is a functional unit 
of the lungs that consists of terminal bronchiolus with its respiratory bronchioles, 
alveolar ducts, and alveoli forming tridimensional spherical space with average 

Figure 2. 
Terminal bronchiolus, lined by respiratory epithelium, with no cartilage and no exocrine glands.

Figure 3. 
Alveolar duct and alveoli (original magnification × 100) and alveolar septa with alveoli (original 
magnification × 400). Courtesy of Dr. Nadia N. Naumova.
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diameter of 7.5 mm. There are about three generations of respiratory bronchioles 
inside the acinus and approximately 25,000 acini in normal adult male lungs with a 
volume of 5.25 liters [2]. Cluster of three to five terminal bronchioles, that is, acini, 
form pulmonary lobule. The pulmonary lobule is an anatomic unit, polygonal in 
shape, and bound by complete or incomplete connective tissue interlobular septa 
and measures about 1.5–3 cm.

Gas exchange starts in respiratory bronchioles and mainly occurs in alveoli. 
The alveolar wall (also called alveolar septum) is very thin in order to permit effi-
cient gas exchange (Figure 3). It consists only of one layer of epithelial cells called 
pneumocytes. Pneumocytes type 1 are very thin, flat, large epithelial cells that 
cover 90% of the alveolar surface and are not capable of mitosis. Pneumocytes 
type 2 are cuboidal cell with large basal nucleus and prominent nucleolus. 
Pneumocytes type 2 secrete surfactant, are able to divide and participate in repair, 
and may become hyperplastic in response to alveolar damage. Pneumocytes 
type 2 are also precursors of pneumocytes type 1. Pneumocytes lie on the basal 
membrane that is fused with the basal membrane of the capillary endothelial cell. 
Thus the alveolar wall (septum) consists only of capillary sandwiched between 
the two layers of pneumocytes from two adjacent alveoli (Figure 3). An occasional 
myofibroblast may be present in the alveolar wall as well as rare scattered small 
lymphocytes, rare mesenchymal cells, and rare macrophages. Hematoxylin and 
eosin-stained sections of the normal lung on high magnification show delicate 
alveolar walls (septa) containing inconspicuous capillaries, occasional cuboidal 
cells of pneumocytes type 2, and nuclei of pneumocytes type 1, endothelial cell 
nuclei, and nuclei of rare scattered lymphocytes, mesenchymal cells, and mac-
rophages. The cytoplasm of pneumocytes type 1 is too thin to be visible without 
special immunoperoxidase stains. Alveolar macrophages egress from capillaries, 
are increased in number in chronic inflammatory settings, and are involved 
in phagocytosis of foreign material as well in the inflammatory and immune 
responses.

The interstitium provides the connective tissue framework of the lungs 
and is composed of collagen fibers, elastic fibers, mesenchymal cells, and few 
inflammatory cells. In normal lungs the interstitium is generally inconspicu-
ous and can be recognized only along bronchovascular bundles, around veins, 
and where it forms interlobular septa. In the children up to 4 years of age, the 
interstitium is more apparent and presents as thickening of the alveolar walls 
[3]. The term “small airways” includes airways with diameter of 2 mm and 
smaller and thus includes small bronchi, terminal bronchioles, and respiratory 
bronchioles.

2.2 Morphologic and histologic features of emphysema

Emphysema is permanent enlargement of airspaces distal to the terminal bron-
chiole (acinus) due to the destruction of the walls of the alveoli, alveolar ducts, and 
the respiratory bronchioles. Grossly, the lung is hyperinflated and spongy.

According to the location of the hyperinflated alveoli inside the acinus, there are 
four types of emphysema: centriacinar (centrilobular, proximal), panacinar (pan-
lobular), distal acinar (paraseptal), and irregular (associated with scar). Each of 
the emphysema type has characteristic microscopic morphology and characteristic 
etiology.

The most frequent is centriacinar emphysema which comprises more than 95% 
of all emphysemas. Centriacinar emphysema involves proximal respiratory bron-
chiolus and adjacent alveoli, which is in the center of the acinus, hence the name 
centriacinar emphysema (Figure 4).
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Inhaled cigarette smoke or mineral dust, most frequently coal mine dust, reach 
respiratory bronchioles. There are no cilia in the respiratory bronchioles; cigarette 
smoke particles and coal dust particles (silica particles in the coal dust are the most 
toxic ones) stick there and initiate processes of inflammation and destruction. 
The first damaged structure is thus respiratory bronchiolus with its dilatation or 
disappearance. In the beginning, alveolar ducts and alveoli are spared. Soon their 
destruction and coalescence into the larger air space follows. In the acinus, which 
contains several (about 14) respiratory bronchioles, some bronchioles and alveoli 
are damaged, enlarged, and emphysematous, and some are not damaged and are 
normal in size. Thus characteristic microscopic feature with low power magnifica-
tion of centroacinar emphysema is that some alveoli are normal and some emphyse-
matous (Figures 4 and 5).

Cigarette smoke produces similar damage, and in fact the most frequent cause of 
centriacinar emphysema is cigarette smoking. Centriacinar emphysema predomi-
nantly involves the upper and posterior portions of the lungs and upper parts of the 
individual lobes. In severe emphysema, emphysematous spaces may coalesce and 
form bullae which may reach several centimeters in diameters. By definition bulla is 
at least 1 cm in diameter. Bullae are usually located in the lung apices and subpleu-
rally but can occur anywhere in the emphysematous lungs.

Figure 5. 
Centriacinar emphysema and interstitial fibrosis caused by birefringent silica/silicate particles from coal mine 
dust. This is the same area as in Figure 4, but with original magnification × 400 and photographed under 
polarized light to highlight birefringent silica/silicate particles; small white dots in the interstitium and silvery 
collagen fibers of interstitial (septal alveolar) fibrosis.

Figure 4. 
Centriacinar emphysema caused by coal mine dust. Some alveoli are normal, some emphysematous. 
Hematoxylin and eosin stain, original magnification 20×.
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rally but can occur anywhere in the emphysematous lungs.

Figure 5. 
Centriacinar emphysema and interstitial fibrosis caused by birefringent silica/silicate particles from coal mine 
dust. This is the same area as in Figure 4, but with original magnification × 400 and photographed under 
polarized light to highlight birefringent silica/silicate particles; small white dots in the interstitium and silvery 
collagen fibers of interstitial (septal alveolar) fibrosis.

Figure 4. 
Centriacinar emphysema caused by coal mine dust. Some alveoli are normal, some emphysematous. 
Hematoxylin and eosin stain, original magnification 20×.
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Panacinar emphysema (panlobular emphysema) comprises 1% of emphysemas. 
It involves the entire acinus, that is, all alveoli in the acinus are about equally dilated, and 
all acini in the lobule are involved by panacinar (panlobular) emphysema (Figure 6). In 
centriacinar emphysema, some alveoli are enlarged and some are normal.

Panacinar emphysema is associated with alpha-1-antitrypsin deficiency, an 
autosomal codominant genetic disorder. Since defect is present in the gene (chro-
mosome 14, segment q32.1), every cell, in which this gene is active and its product 
anti-protease alpha-1 antitrypsin enzyme pertinent, is affected. Thus all respiratory 
bronchioles, alveolar ducts, and alveoli are affected and about equally damaged and 
equally hyperinflated. The lungs are diffusely affected by panacinar emphysema, and 
histologically there is diffuse enlargement of the alveoli affecting the entire acinus. 
Normal level of alpha-1 antitrypsin in the serum is 20–48  μM / L . P  atients with 
emphysema have concentration of serum alpha-1 antitrypsin 2.5–7 μM/L, and they 
are homozygous for PI*ZZ allele (PI* denotes protein inhibitor gene). There are more 
than 90 different alleles of PI* gene, and some variants cause a change in conforma-
tion of the alpha-1-antitrypsin molecule leading to polymerization and retention of 
misshaped protein in hepatocytes (major site of synthesis of alpha-1 antitrypsin) that 
might lead in children as well in adults to cirrhosis of the liver. If there is absence of 
protein inhibitor gene, serum level of alpha-1 antitrypsin is zero. Panacinar emphy-
sema might also occur in intravenous drug abusers and then is accompanied with talc 
granulomas and interstitial fibrosis [3, 4]. Birefringent particles of talk could be seen 
under polarized light in the granulomas and in the fibrotic interstitium (Figure 7).

Distal acinar emphysema (paraseptal emphysema) involves distal part of the 
acinus including alveolar ducts and alveoli. It is rare. Distal acinar emphysema is 
most often present in the upper lobes beneath the pleura and along septa between 
lobules and also is called paraseptal, subpleural, or localized emphysema. The 
pathogenesis of distal acinar emphysema is unknown. Distal acinar emphysema pro-
duces apical bullae which may cause spontaneous pneumothorax in young adults.

Irregular emphysema is airspace enlargement due to lung destruction associated 
with scarring, also termed scar emphysema, paracicatrical emphysema, and perifocal 
emphysema. Foci of irregular emphysema are asymptomatic and clinically insig-
nificant. The National Heart, Lung, and Blood Institute does not regard irregular 
emphysema as a form of emphysema but as “airspace enlargement with fibrosis” [5].

Figure 6. 
Panacinar emphysema (left) and normal lung (right). In panacinar emphysema, all alveoli are enlarged. 
Figure 6, is reproduced with permission from the American Registry of Pathology from the Atlas of Nontumor 
Pathology Series; Non-Neoplastic Disorders of the Lower Respiratory Tract by William D. Travis et al 
published by the American Registry of Pathology and the Armed Forces Institute of Pathology Washington DC, 
USA, Copyright© 2002.
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The pathogenesis of centriacinar and panacinar emphysema is conceptually 
similar and based on proteinase-antiproteinase imbalance, that is, inequity between 
enzymes that degrade the extracellular matrix and proteins that oppose this pro-
teolytic activity [6]. The first clue appeared in 1963 when Laurell and Eriksson 
identified patients with alpha-1 antitrypsin (more appropriate name is alpha-1 
antiproteinase) deficiency on serum electrophoresis who had severe emphysema of 
early onset and in 1964 when Gross and coworkers demonstrated that proteolytic 
enzyme papain can produce emphysema in rats [7, 8]. Alpha-1 antitrypsin is a 
proteinase inhibitor that inhibits proteolytic enzymes, primarily neutrophil elastase. 
Elastase is an enzyme that destroys elastin fibers, and if it is not adequately inhibited 
by alpha-1 antitrypsin, destruction of acinar tissue follows leading to emphysema. 
Imbalance between other proteolytic enzymes (metalloproteinases including inter-
stitial collagenase-1, interstitial collagenase-3, metalloelastase, matrilysin, gelatinase 
A and gelatinase B, cathepsins) and their inhibitors (tissue inhibitors of matrix 
metalloproteinases, elafin, epithelium-derived secretory leukoprotease inhibitor) 
also contributes to emphysema and chronic obstructive pulmonary disease [3, 6].

Cigarette smoking is the most frequent cause of emphysema and accounts to 
80–90% of chronic obstructive pulmonary disease cases in the USA [9]. Cigarette 
smoke and coal mine dust cause emphysema by a similar pathophysiologic 
pathway. Inhaled cigarette smoke as well as coal mining dust particles travel by 
airflow to respiratory bronchioles and alveoli where they interfere with epithelial 
cells, alveolar macrophages, and neutrophils. Cigarette smoke contains per puff 
an estimated 1015–1017 oxidants/free radicals and about 4700 different chemical 
compounds, including reactive aldehydes and quinones [10, 11]. Toxic oxidant 
compounds in cigarette smoke induce DNA damage and peroxidation of lipids, 
harm proteins, fold proteins, and cause them to aggregate in the cytoplasm of 
the respiratory cells and alveolar cells [12]. Alveolar epithelial cells and macro-
phages damaged by cigarette smoke release cytokines which invite inside alveoli 

Figure 7. 
Panacinar emphysema caused by drug abuse. Mild interstitial fibrosis is present as well as birefringent deposits 
of talc in the interstitium. Figure 7 is reproduced with permission from the American Registry of Pathology 
from the Atlas of Nontumor Pathology Series; Non-Neoplastic Disorders of the Lower Respiratory Tract by 
William D. Travis et al published by the American Registry of Pathology and the Armed Forces Institute of 
Pathology Washington DC, USA, Copyright© 2002.
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inflammatory cells mainly macrophages but also T cells (T8 more than T4) and 
small number of neutrophils. Characteristic histologic findings in cigarette smokers 
are tobacco-associated respiratory bronchiolitis with the presence of macrophages 
containing smoker granules (yellow-brown) inside alveoli (Figure 8). Macrophages 
and neutrophils activated by cigarette smoke or silica (quartz) [13] particles in 
coal mine dust release abovementioned proteolytic enzymes that destroy collagen 
and elastic alveolar tissue causing connective tissue breakdown and alveolar tissue 
destruction, that is, emphysema [14]. Oxidative radicals in the cigarette smoke as 
well as quartz-generated hydrogen peroxide not only damage intracellular proteins 
but also inactivate alpha-1 antitrypsin by oxidizing the SH group of methionine to 
methionine sulfoxide [14]. Other proteins, for example, proteasome with caspase-
like activity, are also impaired by this oxidation. The final effect of cigarette smoke 
and inhalation of coal mine dust is unopposed (or insufficiently inhibited) action of 
proteolytic enzymes that destroy lung parenchyma and cause emphysema.

Macrophages also produce transforming growth factor-beta, platelet-derived 
growth factor, and tumor necrosis-alpha, which all stimulate fibroblast growth, col-
lagen production and repair with associated fibrosis [15]. Repair may not be perfect 
and interstitial fibrosis may occur. Bronchioles and small bronchi can be involved 
by fibrosis and contribute to the chronic obstructive pulmonary disease. Tobacco-
caused respiratory bronchiolitis-associated interstitial lung disease with fibrosis 
(Figure 9) is now a plausible and established term [16, 17].

Figure 8. 
Tobacco-associated respiratory bronchiolitis. Macrophages with smoker granules inside alveoli. Hematoxylin 
and eosin stain, original magnification 400×.

Figure 9. 
Tobacco-associated respiratory bronchiolitis with interstitial fibrosis. Hematoxylin and eosin stain, original 
magnification 200×. Right, same picture under polarized light to demonstrate collagen (silvery shine) fibers in 
thickened fibrotic alveolar septa.

43

Emphysema
DOI: http://dx.doi.org/10.5772/intechopen.83273

It is obvious that tobacco-associated emphysema and tobacco-associated inter-
stitial fibrosis are related and that the first step in their genesis is accumulation 
of macrophages with smoker granules in the alveoli. The similar process can be 
elicited by silica and silicates from coal mine dust. The first sign of exposure to coal 
mine dust is accumulation of silica/silicate particles and anthracotic pigment in the 
alveolar macrophages (Figure 10) [18].

In coal miners with complicated coal worker’s pneumoconiosis, the role of 
smoking in causing fibrosis is insignificant in comparison with that of silica/silicate 
particles from coal mine dust [18]. Since smoking and coal mine dust simultane-
ously may cause pulmonary fibrosis and emphysema by destruction of lung tissue 
and healing by fibrosis, it is plausible that in some patients emphysema is dominant, 
in others interstitial fibrosis, and in some others combined pulmonary fibrosis and 
emphysema syndrome (Figure 11) may occur [18, 19].

Alpha-1 antitrypsin deficiency is not the only one known genetic cause of emphy-
sema. Telomere length is also associated with emphysema [20]. Both tips (ends) of the 
chromosomes are capped (protected) by telomeres composed of tandemly repeated 
DNA sequences. Telomeres are highly conserved and practically identical from proto-
zoa to vertebrates. In humans, the TTAGGG repeat region is 10–15 kilobytes long. With 
each mitosis terminal nucleotides at the tail of telomeres are lost, and telomeres become 
shorter with each cell division. When telomere becomes critically short, the cell cannot 

Figure 10. 
Initial event in development of emphysema and interstitial fibrosis in coal miners is appearance of 
macrophages laden with silica and silicate particles and anthracotic pigment inside alveoli. Hematoxylin 
and eosin stain, original magnification 400×. Right side, same picture under polarized light to demonstrate 
birefringent silica and silicate particles in the cytoplasm of macrophages. Very small and faint white dots are 
silica particles, and small bright dots are silicate particles.

Figure 11. 
Tobacco caused emphysema and tobacco caused respiratory bronchiolitis-associated interstitial lung disease with 
fibrosis, called combined pulmonary fibrosis and emphysema syndrome. Courtesy of Dr. Nadia N. Naumova.
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divide anymore and thus becomes an old cell that will finally end up in apoptosis. 
Telomerase is an enzyme that synthesizes telomeres. Mutations in telomerase gene and 
telomere genes cause short telomere length for cell age and disease spectrum called 
short telomere syndrome/accelerated aging syndrome. The main presentation (90%) of 
short telomere syndromes are idiopathic pulmonary (interstitial) fibrosis and emphy-
sema. They may be associated with other features of premature aging including early 
graying, osteoporosis, liver disease, predisposition to bone marrow failure, infertility, as 
well as myelodysplastic syndrome and acute myeloid leukemia [21]. Reduced telomere 
length may be identified in 25% of patients with sporadic idiopathic pulmonary 
fibrosis and half of those cases with family aggregation [22]. Telomerase deficiency and 
telomere shortening are responsible for only 1% of all emphysemas but are conceptually 
important as a link between interstitial fibrosis, emphysema, combined emphysema 
and interstitial fibrosis, and effect of environment on phenotypic presentation of 
genetic defect [21]. Pathogenic mechanism is premature senescence of alveolar epithe-
lial stem cells, their apoptosis, disappearance of alveoli (emphysema), and abnormal 
repair with excessive interstitial fibrosis. The same genetic change, germline deletion in 
the Box H domain of the RNA telomerase, can cause in the father idiopathic pulmonary 
fibrosis, in one daughter emphysema, and in the other daughter combined pulmonary 
fibrosis and emphysema syndrome [20]. Interaction between the gene and environ-
ment determines lung disease. Never-smokers develop pulmonary interstitial fibrosis, 
while smokers develop an early onset emphysema alone or combined emphysema and 
pulmonary interstitial fibrosis [20, 21]. Cigarette smoke causes additive DNA damage to 
telomere function, and genetic defect in this setting expresses as emphysema [20].

In short, the main causes of emphysema and interstitial fibrosis are cigarette 
smoking and in coal miners silica and silicate particles from coal dust. Hereditary 
emphysemas caused by alpha-1 antitrypsin deficiency and short telomere length are 
epidemiologically insignificant but can help to elucidate pathogenesis of emphysema 
and interstitial fibrosis. Not all smokers develop emphysema and chronic obstructive 
pulmonary disease. Only 10–20% of the smokers develop chronic obstructive pulmo-
nary disease pointing at an additional risk factor such as genetic susceptibility reflected 
in polymorphisms in genes coding for various antiproteases, a disintegrin, and metal-
loproteinase 33 or antioxidant superoxide dismutase and proinflammatory media-
tors including tumor necrosis factor-alpha [10] and possibly genes associated with 
telomeres. Combined pulmonary fibrosis and emphysema are also in the vast majority 
of cases caused by cigarette smoking or in coal miners by coal dust, and the above 
mentioned genetic factors might contribute to a now unknown degree of susceptibility.

Patients with emphysema only are extremely rare, and in practice emphysema 
is component of the chronic obstructive pulmonary disease which affects about 24 
million people in the USA. Chronic bronchitis is chronic mucous hypersecretion 
syndrome and is clinically defined as productive cough for at least 3 months in 2 suc-
cessive years. Its pathohistological features (Figure 12) include enlargement of the 
mucus-secreting glands in the bronchial wall, goblet cell metaplasia of the respira-
tory epithelium, infiltration of the bronchial mucosa with lymphocytes, squamous 
metaplasia and dysplasia in the bronchial epithelium, increased bronchial smooth 
muscle, as well as mucous plugging, inflammation, and fibrosis of the bronchioles.

Chronic bronchitis becomes chronic obstructive bronchitis when airflow obstruc-
tion occurs. It can be detected by spirometry or expiratory wheezing can be heard by 
auscultation. Bronchial airways are being compressed during expiration, and expira-
tion is in chronic obstructive bronchitis difficult and prolonged. Auscultation reveals 
diminished breath sounds, prolonged expiratory phase, and expiratory wheezing. 
The main airflow obstruction occurs in small airways, with diameter less than 2 mm. 
Obstruction is caused by mucosal thickening, due to lymphocytic infiltration, fibrosis, 
edema, mucous plugging, and smooth muscle hypertrophy. Figure 13 demonstrates 
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thickening of the wall of the terminal bronchiolus by fibrous tissue and smooth muscle 
hypertrophy caused by birefringent silica/silicate particles from coal mine dust.

Clara cells that secrete surfactant are replaced by goblet cells, and decrease of 
surfactant increases surface tension at the air-tissue interface, and small bronchi and 
bronchiole are prone to collapse. Emphysema also contributes to airflow obstruc-
tion. Destruction and disappearance of respiratory bronchiole and alveolar ducts 
decrease total airway diameter. Destruction of acinar tissue with disappearance of 
elastic fibers decreases lung recoil and decreases expiratory air force. The net effect 
of chronic obstructive pulmonary disease is difficulty in breathing, prolonged 
expiration with expiratory wheezing, air trapping in the lungs with hyperinflation 
of lungs, increased residual volume, decreased vital capacity, and dyspnea.

Three cardinal features of chronic obstructive pulmonary disease are cough, 
sputum production, and exertional dyspnea. Dyspnea during physical activity may 
start insidiously, and patients complain of difficult breathing, gasping and air hunger, 
heaviness in chest in the beginning only during rather heavy physical work and later 
during light daily physical activity. Patients with chronic obstructive pulmonary 
disease poorly tolerate physical activity with arms but tolerate better physical work 
like pushing shopping cart when arms are fixed and enable the use of accessory 
respiratory muscles [1]. Acute exacerbations of chronic obstructive pulmonary 

Figure 12. 
Chronic bronchitis presenting with mucus in the lumen of the bronchus, partial goblet cell metaplasia of the 
respiratory epithelium, predominance of the mucinous cells in the bronchial exocrine gland, infiltration the 
bronchial wall by small lymphocytes and plasma cells, hypertrophy of the muscle layer, and peribronchial fibrosis.

Figure 13. 
The wall of the terminal bronchiolus is thickened by fibrosis and smooth muscle hypertrophy and this is one 
of the essential pathologic bases for obstructive pulmonary disease. Birefringent silica and silicate particles are 
etiological factor. Hematoxylin and eosin stain, original magnification 200×, polarized light.
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Obstruction is caused by mucosal thickening, due to lymphocytic infiltration, fibrosis, 
edema, mucous plugging, and smooth muscle hypertrophy. Figure 13 demonstrates 
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thickening of the wall of the terminal bronchiolus by fibrous tissue and smooth muscle 
hypertrophy caused by birefringent silica/silicate particles from coal mine dust.

Clara cells that secrete surfactant are replaced by goblet cells, and decrease of 
surfactant increases surface tension at the air-tissue interface, and small bronchi and 
bronchiole are prone to collapse. Emphysema also contributes to airflow obstruc-
tion. Destruction and disappearance of respiratory bronchiole and alveolar ducts 
decrease total airway diameter. Destruction of acinar tissue with disappearance of 
elastic fibers decreases lung recoil and decreases expiratory air force. The net effect 
of chronic obstructive pulmonary disease is difficulty in breathing, prolonged 
expiration with expiratory wheezing, air trapping in the lungs with hyperinflation 
of lungs, increased residual volume, decreased vital capacity, and dyspnea.

Three cardinal features of chronic obstructive pulmonary disease are cough, 
sputum production, and exertional dyspnea. Dyspnea during physical activity may 
start insidiously, and patients complain of difficult breathing, gasping and air hunger, 
heaviness in chest in the beginning only during rather heavy physical work and later 
during light daily physical activity. Patients with chronic obstructive pulmonary 
disease poorly tolerate physical activity with arms but tolerate better physical work 
like pushing shopping cart when arms are fixed and enable the use of accessory 
respiratory muscles [1]. Acute exacerbations of chronic obstructive pulmonary 

Figure 12. 
Chronic bronchitis presenting with mucus in the lumen of the bronchus, partial goblet cell metaplasia of the 
respiratory epithelium, predominance of the mucinous cells in the bronchial exocrine gland, infiltration the 
bronchial wall by small lymphocytes and plasma cells, hypertrophy of the muscle layer, and peribronchial fibrosis.

Figure 13. 
The wall of the terminal bronchiolus is thickened by fibrosis and smooth muscle hypertrophy and this is one 
of the essential pathologic bases for obstructive pulmonary disease. Birefringent silica and silicate particles are 
etiological factor. Hematoxylin and eosin stain, original magnification 200×, polarized light.
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disease are prominent feature of its natural history and are characterized by cough, 
increase in amount and character (color) of sputum, and dyspnea and may or may 
not be accompanied with fever, myalgia, and sore throat. The health-related qual-
ity of life of patients with chronic obstructive pulmonary disease better correlates 
(inverse correlation) with frequency of acute exacerbations than with the degree 
of airflow obstruction (Reilly-Harrison). Patients with advanced emphysema due 
to hyperinflation of lungs have barrel chest with poor diaphragmatic excursion as 
assessed by percussion and dramatic decrease in breath sounds and are sitting in the 
characteristic tripod position with stretched fixed arms to enable the use of accessory 
respiratory muscles including sternocleidomastoid, scalene, and intercostal ones [1]. 
Patients with predominant emphysema are called “pink puffers” because they breathe 
through pursed lips with the help of accessory respiratory muscles. When small 
airway obstruction ensues, patients become hypoxic and cyanotic in the lips and nail 
beds, and when fluid retains due to right heart decompensation, they become “blue 
bloaters.” However the majority of chronic obstructive pulmonary disease patients 
have some signs of both, “pink puffers” and “blue bloaters.” Advanced chronic 
obstructive lung disease is accompanied by systemic wasting due to high energy 
expenditure for increased work of breathing muscles including accessory breathing 
muscles and elevated levels of inflammatory cytokines including tumor necrosis 
factor-alpha. Such patients have a significant weight loss and diffuse loss of subcu-
taneous fatty tissue. Some patients with advanced chronic obstructive pulmonary 
disease have paradoxical inward movement of the lower rib cage (Hoover sign) due 
to diaphragmatic contraction in a setting of permanently hyperinflated lungs [1]. 
Advanced chronic obstructive pulmonary disease, especially during acute exacerba-
tion, can be accompanied by right heart failure. Signs include right ventricular heave, 
third heart sound, distended jugular veins, congested liver, ascites, and edema of legs.

2.3 Radiologic findings

Cardinal features of emphysema, hyperinflation of the lungs, and lung tissue 
destruction can be visualized by radiologic means. On the chest roentgenogram 
hyperinflation presents with increased lucency, increased retrosternal air space, 
depression and flattening of the diaphragm. Lung destruction presents in focal 
lucencies and areas of decreased vascularity. Mild emphysema is usually missed by 
standard chest X-rays.

High-resolution computerized tomography is superior to the chest X-ray in detect-
ing emphysema. High-resolution computerized tomography can visualize focal areas 
of decreased attenuation sharply circumscribed without visible walls and with small 
centrilobular vessel in the areas of emphysema [3]. Several studies showed good cor-
relation between the degree of pathologic findings and high-resolution computerized 
tomography findings [23]. However, mild focal areas might not be detected, and high-
resolution computerized tomography cannot be used to rule out emphysema [24].

2.4 Tests of pulmonary function

Spirometry and pulse oximetry are basic simple pulmonary function tests that 
can be performed in the ambulatory settings. The patient exhales in the spirometry 
instrument as completely as possible, then forcibly inhales as much as possible, and 
then forcibly exhales as much as possible. Forced vital capacity is the maximum 
amount of air forcibly expired after maximum inspiration. Residual volume is 
amount of air retained in the lungs after maximal and forceful exhalation, and it 
can be calculated after using gas dilution technique or body-box plethysmography. 
In the emphysema due to the destruction of respiratory bronchioles, spirometry 
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will demonstrate obstructive pattern. Forced expiratory volume in 1 second will be 
decreased. Alveolar destruction in emphysema decreases amount of lung paren-
chyma, and thus forced vital capacity will decrease. Essentially emphysema is a 
mixed lung disorder, both obstructive and restrictive.

Transcutaneous pulse oximetry estimates oxygen (O2) saturation of capil-
lary blood using instrument in shape of clip positioned on a finger. Estimation is 
accurate and correlates to 5% of measured atrial O2 saturation obtained by invasive 
procedure.

2.5 Therapy

Centriacinar emphysema is a progressive disabling disease for which there are no 
good therapeutic options. Large bullae that compress functional lung tissue can be 
surgically removed. Patients with severe, predominantly upper lung emphysema, 
and low baseline exercise capacity may benefit from lung volume reduction by 
resection, including bronchoscopic lung volume reduction, of non-functioning 
emphysematous areas. Dyspnea decreases because of reduced hyperinflation 
and residual volume and because forced expiration volume in the first second is 
increased [25]. Exercise tolerance and 2-year mortality rate are improved sup-
posedly to decreased residual lung volume, enhanced lung recoil, and improved 
diaphragmatic function. Long-term effects of the lung volume reduction surgery 
are unknown. Improvement after lung transplantation is better than after the lung 
volume reduction surgery. Candidates for lung transplantation are younger than 
60 years, with an FEV1 less than 25% predicted or pulmonary artery hyperten-
sion. The 5-year survival after transplantation for emphysema is 45–60%. Lifelong 
immunosuppression brings risk of opportunistic infections.
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COPD Pharmacological
Management Update
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Abstract

Chronic obstructive pulmonary disease (COPD) is a significant cause of morbidity
and mortality worldwide. Although it is considered both preventable and treatable,
COPD still represents an important public health challenge. The classes of pharmaco-
logical agents widely used for the maintenance treatment are bronchodilators (SABA,
SAMA, LABA, LAMA) and inhaled corticosteroids (ICS). While it is largely accepted
that inhaled bronchodilators, which are effective and well tolerated in patients with
stable disease, are the cornerstone of the pharmacological management of COPD,
there is an ongoing debate regarding the role of inhaled corticosteroids. This is also
reflected in the last versions of the GOLD recommendations, which suffered dramatic
changes in the recent years. The trend for personalized medicine led to the search for
biomarkers which could guide the therapeutic decisions. Recent studies demonstrated
that blood eosinophils can reasonably predict the ICS relative efficacy in preventing
COPD exacerbations and thus could inform the disease management.

Keywords: COPD, lung function, exacerbation, bronchodilators, corticosteroids,
biomarkers, eosinophils

1. Introduction

Chronic Obstructive Pulmonary Disease (COPD) is a common condition, usually
affecting people of >40 years of age significantly exposed to noxious particles or
gases [1]. Although considered both preventable and treatable [1], COPD remains a
leading cause of morbidity and mortality [2, 3], affecting an estimated 384 million
people worldwide [4]. The COPD prevalence is projected to increase in the coming
decades [5], as well as its position among the leading causes of mortality [4].

Active or passive cigarette smoking is the most commonly encountered risk
factor for COPD across the world [1]; however other factors may play a role in the
disease pathogenesis, such as genetic factors [6, 7], exposure to indoor and outdoor
air pollutants [8–11], exposure to occupational dusts, chemical agents or fumes [12],
infections (HIV, tuberculosis) [13, 14], and socioeconomic status [15].

The normal lung response to the inhalation of noxious factors is an inflammatory
reaction of the airways. In patients who develop COPD, the excessive inflammatory
response is further enhanced by the oxidative stress and an imbalance of the
protease-antiprotease system, leading to the destruction of the lung parenchyma
and disruption of normal repair and defense mechanisms. Emphysema and small
airway fibrosis are the consequences of these processes, which translate into gas
trapping and chronic airflow limitation [1].
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response is further enhanced by the oxidative stress and an imbalance of the
protease-antiprotease system, leading to the destruction of the lung parenchyma
and disruption of normal repair and defense mechanisms. Emphysema and small
airway fibrosis are the consequences of these processes, which translate into gas
trapping and chronic airflow limitation [1].

51



By definition, COPD is a chronic condition, and the major symptoms exhibited
by the patients suffering from this disease, dyspnea, cough, and sputum produc-
tion, are usually persistent and/or progressive and have a considerable negative
effect on the patient’s quality of life. The Global Burden of Disease Study
highlighted that COPD is a major contributor to disability and mortality around the
world, by ranking COPD as the fifth leading cause of disability-adjusted life years
(DALYs) lost in 2013 [16].

The natural course of the disease is grafted by acute episodes of worsening of
symptoms triggered by infectious agents, air pollution, and other factors. These
events are referred to as “exacerbations” and usually require a change in medication
and/or hospitalization. Exacerbations are associated with accelerated lung function
decline, reduced quality of life, and increased mortality [17] and, not surprisingly,
have been surnamed as “chest attacks” or “strokes of the lung” [18, 19].

2. Pharmacological treatment in stable COPD

The main goals for the management of stable COPD are improvement in quality
of life by relieving symptoms and increasing exercise tolerance and reduction of
mortality risk by preventing exacerbations and disease progression [1].

Several inhaled, oral, and systemically administered drugs improve lung func-
tion, decrease the frequency and severity of COPD exacerbations, and improve
patients’ quality of life [20].

Non-pharmacological therapies in COPD, including smoking cessation strate-
gies, pulmonary rehabilitation, vaccinations, surgical or bronchoscopic interven-
tions, and noninvasive ventilation have their established role in the management of
the disease; however they are not discussed here, as the focus of this chapter is on
the pharmacological treatment.

Back in 2001 when the first edition of the GOLD document was released [21],
the pharmacological arsenal for the treatment of COPD was rather limited, com-
prising of short-acting beta2-agonists and anticholinergics, long-acting beta2-ago-
nists, theophyllines, and mucoactive agents. Inhaled corticosteroids, although
available as single medication, were never widely recommended for the treatment
of COPD in monotherapy and have no current authorization for use outside fixed-
dose combinations.

Nowadays, there is a broader range of molecules recommended for the treat-
ment of stable COPD that can be classified in the following classes of pharmacolog-
ical agents:

• Beta2-agonists: short-acting (SABA) and long-acting (LABA)

• Anticholinergics: short-acting (SAMA) and long-acting (LAMA)

• Fixed-dose combinations: SABA/SAMA, LABA/ICS, LABA/LAMA, LABA/
LAMA/ICS

• Methylxanthines

• Phosphodiesterase-4 (PDE4) inhibitors

• Mucolytics

• Antibiotics
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Additionally, a new acquisition in the bronchodilator portfolio could be the
potential use of dual agents or bifunctional muscarinic antagonists and beta2-ago-
nists (MABAs), which combine both antimuscarinic and adrenergic properties in a
single molecule [22]. Some of these molecules are already in clinical trials, but a
major caveat is the difficulty to balance the antimuscarinic and adrenergic activities,
without expressing a tendency toward one of them [23].

Efforts have been made for the discovery of new pharmacological agents, either
belonging to the mentioned classes or addressing new therapeutic targets: new
corticosteroids, novel classes of bronchodilators, kinase inhibitors, mediator antag-
onists (including biological therapies, such as cytokine inhibitors), antioxidants,
etc. Unfortunately, many of these molecules never made it to the market or were
not granted approval for COPD due to safety, efficacy, or delivery issues; several
others are still in the development process [23].

Currently available pharmacological agents and other therapies are mainly used
as pathogenic or symptomatic treatment.

2.1 Improvement of lung function and symptoms

Chronic airflow limitation is a central characteristic of COPD and is the result of
the combination in varying degrees of several pathological processes such as
narrowing of the airways, mucus hypersecretion, and loss of small conducting
airways [24]. The consequences of these anatomic changes are expiratory airflow
limitation, air trapping, and ventilation-perfusion mismatch [22, 25]. Additionally,
the loss of elastic recoil and hyperinflation adversely affect thoracic and diaphrag-
matic mechanics, increasing the work of breathing and ultimately leading to
dynamic hyperinflation [26]. Hyperinflation is an independent predictor of mortal-
ity in COPD [27].

The clinical expression of airflow limitation is chronic, progressive dyspnea,
which typically worsens with physical exercise. Chronic cough with or without
sputum production is usually a reflection of the ongoing inflammatory process in
the airways of COPD patients. However, there is no linear correlation between the
severity of the airflow limitation and the level of symptoms. Some patients may
have little subjective complaints, although the lung function testing reveals various
degrees of airflow limitation, while other patients may have significant complaints,
with little or no evidence of airflow obstruction [28]. In some cases, the symptoms
may precede the development of airflow limitation by many years [1].

Treatment with inhaled bronchodilators can reduce hyperinflation, improve
dyspnea, and increase exercise tolerance [29], and therefore, bronchodilators are
considered as a cornerstone in the management of stable COPD [30].

While short-acting bronchodilators are an option for patients with occasional
dyspnea at low risk of exacerbations, the majority of patients have breathlessness
leading to exercise limitation at the time of diagnosis and may require more inten-
sive treatment than short-acting bronchodilators alone [30]. For these patients,
whether or not they are also at higher risk of exacerbations, long-acting bronchodi-
lators (as monotherapy or in combination) are recommended as a preferred treat-
ment choice in the GOLD strategy report [1].

Airway tone is controlled by both the sympathetic and parasympathetic nervous
systems. These mechanisms interact and may potentiate each other and are
employed alone or in combination therapeutically. Relaxation of airway smooth
muscle is caused by blockade of acetylcholine activity at the receptor (muscarinic
antagonist) or stimulation of the G protein-coupled receptor (beta-agonist) [31].

Anticholinergic drugs in the form of smoked alkaloids were among the first
effective treatments for asthma [32]. In the mid-twentieth century, parenteral
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others are still in the development process [23].
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which typically worsens with physical exercise. Chronic cough with or without
sputum production is usually a reflection of the ongoing inflammatory process in
the airways of COPD patients. However, there is no linear correlation between the
severity of the airflow limitation and the level of symptoms. Some patients may
have little subjective complaints, although the lung function testing reveals various
degrees of airflow limitation, while other patients may have significant complaints,
with little or no evidence of airflow obstruction [28]. In some cases, the symptoms
may precede the development of airflow limitation by many years [1].

Treatment with inhaled bronchodilators can reduce hyperinflation, improve
dyspnea, and increase exercise tolerance [29], and therefore, bronchodilators are
considered as a cornerstone in the management of stable COPD [30].

While short-acting bronchodilators are an option for patients with occasional
dyspnea at low risk of exacerbations, the majority of patients have breathlessness
leading to exercise limitation at the time of diagnosis and may require more inten-
sive treatment than short-acting bronchodilators alone [30]. For these patients,
whether or not they are also at higher risk of exacerbations, long-acting bronchodi-
lators (as monotherapy or in combination) are recommended as a preferred treat-
ment choice in the GOLD strategy report [1].

Airway tone is controlled by both the sympathetic and parasympathetic nervous
systems. These mechanisms interact and may potentiate each other and are
employed alone or in combination therapeutically. Relaxation of airway smooth
muscle is caused by blockade of acetylcholine activity at the receptor (muscarinic
antagonist) or stimulation of the G protein-coupled receptor (beta-agonist) [31].

Anticholinergic drugs in the form of smoked alkaloids were among the first
effective treatments for asthma [32]. In the mid-twentieth century, parenteral
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muscarinic antagonists and beta-agonists were used for acute attacks of asthma
[33]. The major disadvantages of the systemic delivery were the side effects and a
short duration of benefit. As such, subsequent work has both optimized the receptor
specificity and the duration of action [22].

Beta-agonists were in use in Chinese medicine for millennia in the form of
ephedra. Developments in the mid-twentieth century yielded compounds that spe-
cifically target the beta2-adrenergic receptor, reducing the side effects from beta1-
agonists [31].

Since the approval by the US Food and Drug Administration (FDA) in 2004 of
the first LAMA, tiotropium, long-acting bronchodilators have begun to play a
central role in the management of stable COPD. Currently available molecules for
inhalation delivery are summarized in Table 1.

The benefits of long-acting bronchodilator monotherapy have been well proven
across a range of clinical studies [30] and include improvement of the airflow
limitation [34–39], dyspnea [34, 35, 39], physical activity/exercise capacity
[29, 40–42], health status [34, 35, 37–39], and prevention of exacerbations [35, 39,
43, 44]; however, many patients remain symptomatic despite treatment [45].

Dual bronchodilation improves lung function compared with a single broncho-
dilator [30]. Long-acting beta2-agonists and long-acting muscarinic antagonists act
via different mechanisms; when used together in patients with COPD, they exert
additional bronchodilating effects [46]. Multiple studies have assessed [30] and
demonstrated that the use of LABA/LAMA dual bronchodilation results in addi-
tional improvements in lung function, exacerbation rates, health status, and other
outcome measures when compared with monobronchodilation, while the safety
profile of the dual bronchodilators was similar to that observed with placebo and
individual monocomponents. Currently available LABA/LAMA combinations are
listed in Table 2.

According to current guidelines and strategy reports, long-acting bronchodila-
tors in monotherapy are adequate options for the majority of COPD patients,
regardless of the disease severity. However, in the GOLD report 2019 [1], the
authors provide a clarification of the concept of “escalation” and “de-escalation” of
the COPD therapy, which was introduced in a previous version. While “de-
escalation” is mainly employed for the withdrawal of ICS due to lack of response or

Delivery type Duration of action (h)

Long-acting beta2-agonists (LABA)

Arformoterol Nebulized 12

Formoterol DPI 12

Indacaterol DPI 24

Olodaterol SMI 24

Salmeterol MDI, DPI 12

Long-acting anticholinergics (LAMA)

Aclidinium bromide DPI, MDI 12

Glycopyrronium bromide DPI 12–24

Tiotropium DPI, SMI 24

Umeclidinium DPI 24

DPI = dry powder inhaler; MDI = metered dose inhaler; SMI = soft mist inhaler.

Table 1.
Currently available LABAs and LAMAs as monotherapy.
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side effects, such as pneumonia, the “escalation” of treatment should be prompted
by either inappropriate symptomatic response to the initial therapy or by the pres-
ence of exacerbations despite regular treatment and consists of adding a second
class of bronchodilator and/or an ICS and/or other pharmacological agents
(azithromycin, roflumilast) in order to ensure maximal symptom relief and to curb
the risk of exacerbations.

The choice of the bronchodilator treatment should take into account several
factors, such as physiological impairment, symptom burden, and exacerbation risk,
and should be individualized according to the drug safety profile, cost, and patients’
preference for device and medication [1, 20].

One of the current controversies in COPD [20] is the following: what is best, a
progressive escalation of bronchodilator therapy or “maximizing” bronchodilator
therapy with dual bronchodilator therapy ab initio? The members of the GOLD
Scientific Committee suggest that ensuring a maximal bronchodilation from the
beginning could be a reasonable approach for both patients with high symptom
burden and patients less severely affected. The latter may underreport their symp-
toms, masking an underlying resting and exercise lung hyperinflation, which is
further linked to increased mortality and risk of severe exacerbations [20]. How-
ever, if a single agent is preferred, currently available evidence supports the use of a
LAMA (tiotropium) since it improves lung function and health status even in
patients with milder disease [47].

2.2 Prevention of exacerbations

COPD exacerbations represent acute worsening of symptoms requiring changes
in medication and/or hospitalization [1]. Anthonisen and colleagues’ criteria [48]
have been used for decades now in an attempt to standardize the evaluation of these
events; however COPD exacerbations still have no universally established definition
[49] and are subject to diagnostic uncertainty [50].

Historically, the level of healthcare resource use (HCRU) required for the man-
agement of COPD exacerbations was used both to define and quantify the severity
of the exacerbations, with moderate exacerbations requiring administration of oral
steroids and/or antibiotics and severe exacerbations requiring hospitalization
[49, 51–53]. However, healthcare use in COPD varies widely depending on access,
leading to disparities across different healthcare systems [54]. Furthermore, in
order to be treated, an acute event should be reported to healthcare professionals;
hence unreported events may not be captured by HCRU definitions. In some
reports, such events comprise up to two-thirds of exacerbations and can impair
health-related quality of life [55, 56] and increase the risk of hospitalization [57].

Delivery type Duration of action (h)

Fixed-dose combinations of LABA and LAMA (LABA/LAMA)

Formoterol/Aclidinium DPI 12

Formoterol/Glycopyrronium MDI 12

Indacaterol/Glycopyrronium DPI 12–24

Olodaterol/Tiotropium SMI 24

Vilanterol/Umeclidinium DPI 24

DPI = dry powder inhaler; MDI = metered dose inhaler; SMI = soft mist inhaler.

Table 2.
Currently available fixed-dose combinations of LABA/LAMA.
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side effects, such as pneumonia, the “escalation” of treatment should be prompted
by either inappropriate symptomatic response to the initial therapy or by the pres-
ence of exacerbations despite regular treatment and consists of adding a second
class of bronchodilator and/or an ICS and/or other pharmacological agents
(azithromycin, roflumilast) in order to ensure maximal symptom relief and to curb
the risk of exacerbations.

The choice of the bronchodilator treatment should take into account several
factors, such as physiological impairment, symptom burden, and exacerbation risk,
and should be individualized according to the drug safety profile, cost, and patients’
preference for device and medication [1, 20].

One of the current controversies in COPD [20] is the following: what is best, a
progressive escalation of bronchodilator therapy or “maximizing” bronchodilator
therapy with dual bronchodilator therapy ab initio? The members of the GOLD
Scientific Committee suggest that ensuring a maximal bronchodilation from the
beginning could be a reasonable approach for both patients with high symptom
burden and patients less severely affected. The latter may underreport their symp-
toms, masking an underlying resting and exercise lung hyperinflation, which is
further linked to increased mortality and risk of severe exacerbations [20]. How-
ever, if a single agent is preferred, currently available evidence supports the use of a
LAMA (tiotropium) since it improves lung function and health status even in
patients with milder disease [47].

2.2 Prevention of exacerbations

COPD exacerbations represent acute worsening of symptoms requiring changes
in medication and/or hospitalization [1]. Anthonisen and colleagues’ criteria [48]
have been used for decades now in an attempt to standardize the evaluation of these
events; however COPD exacerbations still have no universally established definition
[49] and are subject to diagnostic uncertainty [50].

Historically, the level of healthcare resource use (HCRU) required for the man-
agement of COPD exacerbations was used both to define and quantify the severity
of the exacerbations, with moderate exacerbations requiring administration of oral
steroids and/or antibiotics and severe exacerbations requiring hospitalization
[49, 51–53]. However, healthcare use in COPD varies widely depending on access,
leading to disparities across different healthcare systems [54]. Furthermore, in
order to be treated, an acute event should be reported to healthcare professionals;
hence unreported events may not be captured by HCRU definitions. In some
reports, such events comprise up to two-thirds of exacerbations and can impair
health-related quality of life [55, 56] and increase the risk of hospitalization [57].
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Another approach to define exacerbations is based on the systematic and stan-
dardized assessment of daily symptoms recorded using specific questionnaires
(diaries) administered to the patients on paper or electronically. These question-
naires were developed with the ability to detect worsening of symptoms beyond a
pre-specified threshold, based on patients’ reporting of their daily symptoms
[58, 59]. Advantages of a standardized, validated assessment of COPD symptoms in
exacerbation studies include uniform metrics, reduced recall bias, and the ability to
fully characterize exacerbations of COPD, including the estimated 50–70% of
events that are unreported [55, 56, 59]. Although attractive, this kind of approach is
more difficult to implement outside the clinical trial setting, and the concordance
with the HCRU-defined events is modest [54, 60].

COPD exacerbations have a marked negative effect on both the patient and
underlying disease processes [61] and can result in hospitalization and readmission,
an increased risk of death [62], and a significant reduction in health status [55].
Exacerbations are also associated with long-term decline in lung function and a high
socioeconomic cost [63, 64]. A history of frequent exacerbations is a good predictor
for future exacerbation risk and defines the “frequent exacerbator” phenotype [65].
Thus, optimizing the prevention and management of COPD exacerbations are
important clinical issues [61].

The GOLD strategy report stratifies COPD patients based on the severity of their
airflow limitation, symptom burden, and the risk of exacerbations; however the
recommendations for the pharmacological treatment rely exclusively on the level of
symptoms and exacerbation risk [1].

While the initial assessment of exacerbation risk may be biased by the patients’
ability to recall historical episodes of symptom worsening prior to being diagnosed
with COPD, the reassessment of risk after initial pharmacological treatment should
be able to identify patients requiring an escalation of treatment for a better preven-
tion of future exacerbation episodes.

The preferred treatment options for patients at high risk of exacerbation are a
LAMA in monotherapy, a LABA/LAMA, or a LABA/ICS combination [1].

There is evidence that both LABAs and LAMAs significantly improve the exac-
erbation rate versus placebo [66–68]; however, clinical trials have shown a greater
effect on exacerbation rates for LAMA treatment (tiotropium) versus LABA
treatment [69, 70].

There is a strong evidence that treatment with fixed-dose combinations of
LABA/LAMA improves lung function, symptoms, and health-related quality of life
compared to placebo or its individual bronchodilator components [71–73]. The
superiority of dual bronchodilation in the prevention of exacerbations compared to
monocomponents was demonstrated for a LABA/LAMA combination [74], while
another large study found that combining a LABA with a LAMA did not reduce
exacerbation rate as much as expected compared to LAMA alone [75].

Similarly, an ICS combined with a LABA is more effective than the individual
components in improving lung function and health status and reducing exacerba-
tions in patients with a history of exacerbations and moderate to very severe COPD
[76, 77]. Currently available ICS/LABA combinations are listed in Table 3.

Furthermore, another study demonstrated the superiority of a LABA/LAMA
combination versus an ICS/LABA combination in the prevention of exacerbations
in patients with moderate to very severe COPD and a history of exacerbations,
regardless of baseline blood eosinophils [78].

In a recently published review, a group of experts critically evaluated mecha-
nisms potentially responsible for the increased benefit of LABA/LAMA combina-
tions over single long-acting bronchodilators or LABA/inhaled corticosteroids in
decreasing exacerbation. These included effects on lung hyperinflation and
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mechanical stress, inflammation, excessive mucus production with impaired
mucociliary clearance, and symptom severity [79].

Although triple therapy in separate inhalers is already in use for COPD patients
for a couple of years now, fixed triple therapy combining an ICS, a LABA, and a
LAMA in a single inhaler recently emerged on the market. Currently, there are only
two products approved by the European Medicines Agency (EMA) for use in
COPD, and a third one was recently approved in Japan (see Table 4) [80].

Several recent studies have demonstrated that single-inhaler triple therapy is
more effective in reducing the exacerbation than LAMA alone, a LABA/ICS, or a
LABA/LAMA combination [81–84].

The GOLD algorithm for the escalation of treatment in patients with persistent
risk of exacerbations despite regular treatment provides that patients taking a single
bronchodilator should be switched to dual bronchodilation and then to triple ther-
apy and/or additional therapies. Alternatively, some patients with high blood
eosinophils may benefit from a LABA/ICS combination prior to receiving triple
therapy [1].

The use of ICS in COPD has become very controversial in the last years, owing
on the one hand to the limited effect on lung function and on the other hand to
potential side effects associated with long-term use at the higher doses
recommended for the treatment of COPD. These include:

• Risk of infections such as pneumonia [85], tuberculosis and non-tuberculous
mycobacterial disease [86], and oropharyngeal candidiasis [87]

• Skin lesions [88]

• Diabetes onset and progression [89]

Delivery type Duration of action (h)

Fixed-dose combinations of LABA and ICS (LABA/ICS)

Formoterol/Beclometasone MDI 12

Formoterol/Budesonide MDI, DPI 12

Formoterol/Mometasone MDI 12

Salmeterol/Fluticasone MDI, DPI 12

Vilanterol/Fluticasone furoate DPI 24

DPI = dry powder inhaler; MDI = metered dose inhaler.

Table 3.
Currently available fixed-dose combinations of LABA/ICS.

Delivery type Duration of action (h)

Fixed-dose combinations of LABA, LAMA and ICS (LABA/LAMA/ICS)

Formoterol/Glycopyrronium/Beclometasone MDI 12

Vilanterol/Umeclidinium/Fluticasone furoate DPI 24

Formoterol/Glycopyrronium/Budesonide MDI 12

DPI = dry powder inhaler; MDI = metered dose inhaler.

Table 4.
Currently available fixed-dose combinations of LABA/LAMA/ICS.
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Another approach to define exacerbations is based on the systematic and stan-
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(diaries) administered to the patients on paper or electronically. These question-
naires were developed with the ability to detect worsening of symptoms beyond a
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fully characterize exacerbations of COPD, including the estimated 50–70% of
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monocomponents was demonstrated for a LABA/LAMA combination [74], while
another large study found that combining a LABA with a LAMA did not reduce
exacerbation rate as much as expected compared to LAMA alone [75].

Similarly, an ICS combined with a LABA is more effective than the individual
components in improving lung function and health status and reducing exacerba-
tions in patients with a history of exacerbations and moderate to very severe COPD
[76, 77]. Currently available ICS/LABA combinations are listed in Table 3.

Furthermore, another study demonstrated the superiority of a LABA/LAMA
combination versus an ICS/LABA combination in the prevention of exacerbations
in patients with moderate to very severe COPD and a history of exacerbations,
regardless of baseline blood eosinophils [78].

In a recently published review, a group of experts critically evaluated mecha-
nisms potentially responsible for the increased benefit of LABA/LAMA combina-
tions over single long-acting bronchodilators or LABA/inhaled corticosteroids in
decreasing exacerbation. These included effects on lung hyperinflation and
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mechanical stress, inflammation, excessive mucus production with impaired
mucociliary clearance, and symptom severity [79].

Although triple therapy in separate inhalers is already in use for COPD patients
for a couple of years now, fixed triple therapy combining an ICS, a LABA, and a
LAMA in a single inhaler recently emerged on the market. Currently, there are only
two products approved by the European Medicines Agency (EMA) for use in
COPD, and a third one was recently approved in Japan (see Table 4) [80].

Several recent studies have demonstrated that single-inhaler triple therapy is
more effective in reducing the exacerbation than LAMA alone, a LABA/ICS, or a
LABA/LAMA combination [81–84].

The GOLD algorithm for the escalation of treatment in patients with persistent
risk of exacerbations despite regular treatment provides that patients taking a single
bronchodilator should be switched to dual bronchodilation and then to triple ther-
apy and/or additional therapies. Alternatively, some patients with high blood
eosinophils may benefit from a LABA/ICS combination prior to receiving triple
therapy [1].

The use of ICS in COPD has become very controversial in the last years, owing
on the one hand to the limited effect on lung function and on the other hand to
potential side effects associated with long-term use at the higher doses
recommended for the treatment of COPD. These include:

• Risk of infections such as pneumonia [85], tuberculosis and non-tuberculous
mycobacterial disease [86], and oropharyngeal candidiasis [87]

• Skin lesions [88]

• Diabetes onset and progression [89]

Delivery type Duration of action (h)

Fixed-dose combinations of LABA and ICS (LABA/ICS)

Formoterol/Beclometasone MDI 12

Formoterol/Budesonide MDI, DPI 12

Formoterol/Mometasone MDI 12

Salmeterol/Fluticasone MDI, DPI 12

Vilanterol/Fluticasone furoate DPI 24

DPI = dry powder inhaler; MDI = metered dose inhaler.

Table 3.
Currently available fixed-dose combinations of LABA/ICS.

Delivery type Duration of action (h)

Fixed-dose combinations of LABA, LAMA and ICS (LABA/LAMA/ICS)

Formoterol/Glycopyrronium/Beclometasone MDI 12

Vilanterol/Umeclidinium/Fluticasone furoate DPI 24

Formoterol/Glycopyrronium/Budesonide MDI 12

DPI = dry powder inhaler; MDI = metered dose inhaler.

Table 4.
Currently available fixed-dose combinations of LABA/LAMA/ICS.
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• Increased risk of bone fractures [90]

• Cataracts [91]

The use of ICS alone is discouraged in COPD [20]; however several studies have
demonstrated a consistent effect on exacerbation reduction of LABA/ICS fixed-dose
combinations versus individual monocomponents [76, 77, 87, 92, 93].

The need for biomarkers accurately assessing disease activity and response to
therapy in order to develop better COPD treatment is well acknowledged [94].
Peripheral blood eosinophil level has emerged in the recent years as a promising
biomarker, showing capabilities to predict both the risk of exacerbation and the
magnitude of response to ICS therapy [95–97]. Thus, several post hoc or pre-specified
analyses of clinical trials have shown that blood eosinophil levels may indicate which
patients can benefit from a reduction of exacerbations by the treatment with ICS-
containing regimens [84, 96, 98]. Various cutoff points were proposed for the level of
blood eosinophils in order to identify the patients who would benefit most from the
ICS therapy. A recent pooled analysis (n = 4528) evidenced that a level of blood
eosinophils >300/mmc3 suggests a beneficial role of ICS, while a low level of blood
eosinophils (<100/mmc3) may be a negative predictor of the ICS effects. This was
previously observed in other two post hoc analyses [99, 100] and was confirmed in a
pre-specified analysis of another randomized clinical trial [101].

Other classes of pharmacological agents, such as PDE4-inhibitors (roflumilast)
or antibiotics (azithromycin) administered orally on top of inhaled therapy, may
bring an additional benefit in reducing exacerbations [102, 103]. The side effects,
however, limit their use to selected patients only.

2.3 Mortality risk

Two large clinical trials have failed to demonstrate a positive effect of the active
treatments (LABA/ICS, ICS alone, and LABA alone) versus placebo on the mortality
risk [36, 104].

Smoking cessation, vaccinations, supplemental oxygen for hypoxemic patients,
and lung volume reduction surgery in selected patients are the only therapies that
have been proven to improve survival; smoking cessation also attenuates disease
progression [20].

3. Conclusions

Inhaled long-acting bronchodilator treatment plays a central role in the man-
agement of stable COPD. Anti-inflammatory treatment with inhaled corticosteroids
in combination with a long-acting beta2 agonist or with dual bronchodilation
(LABA and LAMA) as part of the triple therapy improves outcomes especially in
patients with high blood eosinophil level.

Despite all the progress made in the recent years in the field of COPD, we are
still lacking drugs that can effectively modify the course of the disease [23].

The unmet needs in COPD warrant further research for the discovery of new
biomarkers and effective therapeutic agents able to radically improve short-term
and long-term outcomes in patients suffering of this disease.
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Chapter 5

Thoracic Extrapulmonary 
Tuberculosis in the Millennial Era
Onix J. Cantres-Fonseca

Abstract

Mycobacterium tuberculosis is one of the most pathogenic infectious organisms, 
usually known for causing cavitary lung infection. But this mycobacterium is 
also capable of causing masked involvement in any organ of the body. Its clini-
cal manifestation can mimic other conditions according to the organ affected. 
Extrapulmonary infection is defined as any manifestation caused by tuberculosis 
in tissues outside the airway or the pulmonary parenchyma. Despite it being a 
well-known infectious organism throughout decades, tuberculosis continues to 
be causing great morbidity and mortality in this millennium. This chapter will 
discuss the clinical manifestations of extrapulmonary tuberculosis (EPTB), when 
the mycobacteria invade extrapulmonary tissues inside the thorax. We discuss and 
review the literature about the clinical manifestations, diagnosis and evaluation, 
and general treatment.

Keywords: tuberculosis, extrapulmonary, thoracic

1. Introduction

Mycobacterium tuberculosis is one of the most pathogenic infectious organisms. 
As a single agent, it has caused more morbidity and mortality around the world 
than any other organism, despite being known for years and the emergence of 
effective antibiotic therapy. The most common form of active disease is pulmonary 
parenchymal involvement. However, with the emergence of longer life expectancy 
of immunosuppressed patients with human immunodeficiency virus and cancer, 
these mycobacteria have shown its pathogenicity causing infection outside the 
lungs, involving a great variability of extrapulmonary tissue and other organ 
systems.

Extrapulmonary tuberculosis (EPTB) occurs when the tuberculous mycobacte-
rium invades areas outside the pulmonary parenchyma, including other thoracic 
structures, and any other organ outside the lungs. Cases of extrapulmonary 
tuberculosis have been reported involving organs from the central nervous system 
throughout the abdominal organs and even the bone and skin. Clinical presenta-
tion will vary according to the organ involved, and its pathogenicity can mimic 
other infectious and noninfectious diseases. Extrapulmonary infection can be fatal 
and often requires extensive work-up for proper diagnosis. It often requires inva-
sive interventions as culture of sterile body fluids and biopsies, for evaluation of 
pathognomonic changes and identification of the mycobacteria. Also, the diagnosis 
is time-consuming, and delay in identification can occur due to its variable clinical 
presentation.
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Outside the pulmonary parenchyma, tuberculosis can invade any structure of 
the thorax, causing significant clinical disease. Involvement of any thoracic tissue, 
outside the airways and alveoli, is considered an extrapulmonary disease. Thoracic 
extrapulmonary tuberculosis includes involvement of the pleural tissue, the lymph 
nodes, the heart and blood vessels, the bone and skin, and even the complete chest 
wall. Also, tuberculosis can cause significant disease if it reaches the thoracic spine. 
This illustrates the ample spectrum of the pathology of this mycobacterium when 
it invades tissue outside the lung. Many times, therapy for thoracic extrapulmonary 
tuberculosis is similar to exclusive pulmonary involvement. However, the fact 
that extrapulmonary tuberculosis can mimic other diseases, identification of this 
mycobacteria as the culprit of a thoracic pathology, requires a vast knowledge to 
include it in the differential diagnosis. Also, thoracic extrapulmonary tuberculosis 
would require additional diagnostic and therapeutic interventions during patient’s 
management.

In this chapter, we will discuss the most important clinical manifestations of 
thoracic extrapulmonary tuberculosis. It will include the most common clinical pre-
sentations, and a review of the literature is its diagnostic and therapeutic approach.

2. Pathophysiology of thoracic extrapulmonary tuberculosis

The most common presentation thoracic extrapulmonary tuberculosis is lymph-
adenitis [1]. When the mycobacterium is inhaled into the lungs, it is engulfed by 
macrophages that activate specific T cells that protect the organism causing mostly 
latent infection. The lung natural immunity creates a granuloma around infected 
alveolar macrophages where the mycobacteria can be dormant or can proliferate. 
Depending of the bacterial load and inflammatory host response, some patients 
cannot contain the infection in the granulomas, leading to mycobacterial prolifera-
tion outside the granulomas, causing active disease [2]. The mycobacteria can also 
escape the lung throughout blood vessels and the lymphatic system invading other 
organs. In the same way, mycobacteria can invade extensively the alveolar spaces 
and reach extrapulmonary tissues after rupture of caseous foci in the proximity [3].

It is thought that most of the extrapulmonary tuberculosis occurs during pri-
mary infection rather than reactivation [4–6], especially tuberculous pleurisy [1]. 
However, in the immunosuppressed population, other extrapulmonary findings are 
more common after activation of latent disease [2].

3. Epidemiology of thoracic extrapulmonary tuberculosis

When we talk about extrapulmonary tuberculosis, we refer to any invasion of 
the mycobacteria outside the pulmonary tissue. Invasion of the pleura, thoracic 
lymph nodes, and structures of the chest wall is part of the spectrum of extrapul-
monary disease.

The most common extraparenchymal invasion of the mycobacteria in the 
thorax is invasion of the supraclavicular, mediastinal, and hilar lymph nodes [1]. 
Depending of the world location and endemicity of the infection, lymph node 
infection has been identified between 8 and 30% of the patients [1]. Almost 30% 
of those patients present with concomitant extra nodal disease [1]. Variability in 
diagnosis techniques and available resources must probably influence in the lymph 
node infection being underdiagnosed.

Tuberculous pleural involvement is the second most frequent thoracic extra-
pulmonary manifestation. Almost 25% of patients with tuberculosis present with 
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pleuritis. The incidence is higher in immunosuppressed patients secondary to 
human immunodeficiency virus [7]. The incidence of tuberculous pleural involve-
ment can be higher, but its epidemiological data is limited based on world location, 
patient population, and diagnostic resources. Pleural fluid culture has a low diag-
nostic yield, and pleural biopsy, which is the most common way for identification, 
many times is not readily available for most patients.

Heart and thoracic blood vessel involvement by tuberculosis is a rare disease. 
Diagnosis of direct cardiac tissue involvement is made in only around 2% of 
patients [8]. However, pericardial effusions are more common, and tuberculosis can 
be the culprit of most of the pericardial effusions of patient with a lack of adequate 
immune system response, reaching almost 70% of them [9]. Aortic tuberculous 
involvement is also extremely rare and can occur secondary to infection in adjacent 
tissue and blood dissemination.

Bone and chest wall infection by tuberculosis is also a rare presentation, 
accounting for approximately 2% of all tuberculosis cases reported [10]. The most 
common site of musculoskeletal involvement is the spinal bones, but tuberculosis 
can also invade the ribs, muscles, sternum, and sternoclavicular joints [10]. Most of 
the infections are also related to adjacent tissue invasion but can also occur second-
ary to hematogenous and lymphatic dissemination.

4. Tuberculous lymphadenitis

After the mycobacterium is inhaled into the lungs, it is engulfed in macrophages 
after activation of nonnatural immune system occurs. The immune system forms 
granulomas that can rupture and infect the adjacent tissue. Mycobacteria can also 
enter in the lymphatic duct and travel to the lymph node in the proximity. Inside 
the lymph nodes, the mycobacteria can cause active inflammation and abscesses. 
Tuberculous lymph node involvement can present as a mass-like lesion but also can 
cause fissures and ulcers [11]. Thoracic lymphadenitis occurs in the mediastinum 
and hilar nodes, but lymphadenopathy can also occur in the supraclavicular area 
and migrate to the neck and face. More common symptoms are those associated to 
pulmonary tuberculosis but in some patients can present with pain and mass effect. 
Other patients can present with ulceration of the skin as the nodules progress to an 
abscess and cause a fistula.

Diagnosis is made by culture and tissue evaluation. Fine needle aspiration is the 
most common diagnostic evaluation, but other techniques include surgical node 
excision. Aspiration of the lymph nodes can be done guided by ultrasound or CAT 
scan. Also, ultrasound- or non-ultrasound-guided bronchoscopic approach can also 
be done. Fine needle aspiration or direct nodal biopsy has shown similar diagnostic 
yields in the present literature [1].

Identification of the mycobacteria by acid-fast staining, cultures, and genetic 
testing has been the principal method of diagnosis. Histologic evidence of granu-
lomatous disease can also help in the diagnosis of negative culture patients in the 
proper clinical setting.

Treatment for tuberculous lymphadenitis is similar to pulmonary disease: 
antituberculous antibiotic with isoniazid, rifampin, and ethambutol for 2 
months [12], followed by 4–7 months of isoniazid and rifampin. Total duration 
of disease is about 6–9 months, and length and type of therapy can be affected 
by other organ involvement, immunosuppressive level of the patient, and 
culture sensitivities. Surgical and percutaneous drainage can assist in treatment 
when abscess and fistulas are formed and mass effect is caused by the enlarged 
nodes.



Update in Respiratory Diseases

72

Outside the pulmonary parenchyma, tuberculosis can invade any structure of 
the thorax, causing significant clinical disease. Involvement of any thoracic tissue, 
outside the airways and alveoli, is considered an extrapulmonary disease. Thoracic 
extrapulmonary tuberculosis includes involvement of the pleural tissue, the lymph 
nodes, the heart and blood vessels, the bone and skin, and even the complete chest 
wall. Also, tuberculosis can cause significant disease if it reaches the thoracic spine. 
This illustrates the ample spectrum of the pathology of this mycobacterium when 
it invades tissue outside the lung. Many times, therapy for thoracic extrapulmonary 
tuberculosis is similar to exclusive pulmonary involvement. However, the fact 
that extrapulmonary tuberculosis can mimic other diseases, identification of this 
mycobacteria as the culprit of a thoracic pathology, requires a vast knowledge to 
include it in the differential diagnosis. Also, thoracic extrapulmonary tuberculosis 
would require additional diagnostic and therapeutic interventions during patient’s 
management.

In this chapter, we will discuss the most important clinical manifestations of 
thoracic extrapulmonary tuberculosis. It will include the most common clinical pre-
sentations, and a review of the literature is its diagnostic and therapeutic approach.

2. Pathophysiology of thoracic extrapulmonary tuberculosis

The most common presentation thoracic extrapulmonary tuberculosis is lymph-
adenitis [1]. When the mycobacterium is inhaled into the lungs, it is engulfed by 
macrophages that activate specific T cells that protect the organism causing mostly 
latent infection. The lung natural immunity creates a granuloma around infected 
alveolar macrophages where the mycobacteria can be dormant or can proliferate. 
Depending of the bacterial load and inflammatory host response, some patients 
cannot contain the infection in the granulomas, leading to mycobacterial prolifera-
tion outside the granulomas, causing active disease [2]. The mycobacteria can also 
escape the lung throughout blood vessels and the lymphatic system invading other 
organs. In the same way, mycobacteria can invade extensively the alveolar spaces 
and reach extrapulmonary tissues after rupture of caseous foci in the proximity [3].

It is thought that most of the extrapulmonary tuberculosis occurs during pri-
mary infection rather than reactivation [4–6], especially tuberculous pleurisy [1]. 
However, in the immunosuppressed population, other extrapulmonary findings are 
more common after activation of latent disease [2].

3. Epidemiology of thoracic extrapulmonary tuberculosis

When we talk about extrapulmonary tuberculosis, we refer to any invasion of 
the mycobacteria outside the pulmonary tissue. Invasion of the pleura, thoracic 
lymph nodes, and structures of the chest wall is part of the spectrum of extrapul-
monary disease.

The most common extraparenchymal invasion of the mycobacteria in the 
thorax is invasion of the supraclavicular, mediastinal, and hilar lymph nodes [1]. 
Depending of the world location and endemicity of the infection, lymph node 
infection has been identified between 8 and 30% of the patients [1]. Almost 30% 
of those patients present with concomitant extra nodal disease [1]. Variability in 
diagnosis techniques and available resources must probably influence in the lymph 
node infection being underdiagnosed.

Tuberculous pleural involvement is the second most frequent thoracic extra-
pulmonary manifestation. Almost 25% of patients with tuberculosis present with 

73

Thoracic Extrapulmonary Tuberculosis in the Millennial Era
DOI: http://dx.doi.org/10.5772/intechopen.90376

pleuritis. The incidence is higher in immunosuppressed patients secondary to 
human immunodeficiency virus [7]. The incidence of tuberculous pleural involve-
ment can be higher, but its epidemiological data is limited based on world location, 
patient population, and diagnostic resources. Pleural fluid culture has a low diag-
nostic yield, and pleural biopsy, which is the most common way for identification, 
many times is not readily available for most patients.

Heart and thoracic blood vessel involvement by tuberculosis is a rare disease. 
Diagnosis of direct cardiac tissue involvement is made in only around 2% of 
patients [8]. However, pericardial effusions are more common, and tuberculosis can 
be the culprit of most of the pericardial effusions of patient with a lack of adequate 
immune system response, reaching almost 70% of them [9]. Aortic tuberculous 
involvement is also extremely rare and can occur secondary to infection in adjacent 
tissue and blood dissemination.

Bone and chest wall infection by tuberculosis is also a rare presentation, 
accounting for approximately 2% of all tuberculosis cases reported [10]. The most 
common site of musculoskeletal involvement is the spinal bones, but tuberculosis 
can also invade the ribs, muscles, sternum, and sternoclavicular joints [10]. Most of 
the infections are also related to adjacent tissue invasion but can also occur second-
ary to hematogenous and lymphatic dissemination.

4. Tuberculous lymphadenitis

After the mycobacterium is inhaled into the lungs, it is engulfed in macrophages 
after activation of nonnatural immune system occurs. The immune system forms 
granulomas that can rupture and infect the adjacent tissue. Mycobacteria can also 
enter in the lymphatic duct and travel to the lymph node in the proximity. Inside 
the lymph nodes, the mycobacteria can cause active inflammation and abscesses. 
Tuberculous lymph node involvement can present as a mass-like lesion but also can 
cause fissures and ulcers [11]. Thoracic lymphadenitis occurs in the mediastinum 
and hilar nodes, but lymphadenopathy can also occur in the supraclavicular area 
and migrate to the neck and face. More common symptoms are those associated to 
pulmonary tuberculosis but in some patients can present with pain and mass effect. 
Other patients can present with ulceration of the skin as the nodules progress to an 
abscess and cause a fistula.

Diagnosis is made by culture and tissue evaluation. Fine needle aspiration is the 
most common diagnostic evaluation, but other techniques include surgical node 
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yields in the present literature [1].

Identification of the mycobacteria by acid-fast staining, cultures, and genetic 
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by other organ involvement, immunosuppressive level of the patient, and 
culture sensitivities. Surgical and percutaneous drainage can assist in treatment 
when abscess and fistulas are formed and mass effect is caused by the enlarged 
nodes.
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5. Tuberculous pleurisy

Pleural tissue manifestations of tuberculosis are the second most common 
finding of thoracic extrapulmonary disease, and it competes with lymphadenitis 
as the most common extrapulmonary disease presentation. The mycobacteria can 
reach the pleural cavity by direct parenchymal tissue rupture but also can travel to 
pleural tissue by the lymphatic system. When the mycobacteria reach the pleural 
tissue, it can cause a hypersensitivity reaction that produces a lymphocytic inflam-
matory proliferation that decreases pleural fluid resorption [7]. Also, the inflam-
matory reaction increases the permeability of the pleural capillaries to proteins and 
increases the oncotic pressure inside the cavity, increasing the rate of pleural fluid 
formation [13]. The pleural fluid, rich in cells and protein, obstructs the lymphatic 
ducts of the parietal pleura and decreases fluid clearance from the pleural space 
[13]. So, a high rate of fluid formation and the decreased pleural fluid removal lead 
to the accumulation of pleural fluid and development of pleural effusions. Also, the 
inflammatory reaction and granuloma formation affect directly the pleural tissue, 
causing pleural thickening and fibrosis.

Common clinical presentations include symptoms of concomitant pulmonary 
parenchymal infection as cough, hemoptysis, fever, and weigh loss. Other patients 
present with pleuritic and nonspecific pain or dyspnea as fluid accumulation causes 
compression of the lung tissue. Chest wall pain can occur as the parietal pleura is 
involved and a pleural inflammatory reaction causes abscesses and empyema. The 
most severe presentation is when the pleural abscess fistulizes to the chest wall, 
esophagus, main bronchus, and or abdominal cavity, seen as empyema necessitans. 
Rare cases present without symptoms [14] but have been reported.

Chest images can usually present with a unilateral moderate to large pleural 
effusion, and almost 90% of patient have concomitant pulmonary parenchymal 
findings [7]. So, it is always important to rule out active pulmonary disease when 
pleural tuberculosis is suspected. Nodules, abscesses, and pleural thickening are 
also common findings on imaging.

Pleural fluid analysis during tuberculous pleurisy shows usually an exudative 
effusion. As the clinical presentation is usually subacute and chronic inflammation 
and due to the common immune reaction, the pleural fluid usually presents with 
lymphocytic cells. Pleural fluid lymphocytic predominance is mostly of more than 
50% of the total cell count, and a ratio of lymphocytes to neutrophils is in the range 
of more than 75% [15]. Cells rarely seen in pleural fluid with tuberculous involve-
ment are mesothelial cells that are present in less than 5% of the total cell count, and 
eosinophils are rarely in a proportion of more than 10% [7].

Other pleural fluid analyses show increased fluid proteins and low pH and 
glucose. Lactate dehydrogenase levels are usually high in tuberculous pleurisy, often 
higher than concomitant blood levels [7].

Pleural fluid stains for tuberculosis as the acid-fast bacillus stains are rarely 
positive. However, in immunosuppressed patients, for example, HIV positive, 
it can be positive if it is around 20% of the pleural fluid analysis [16]. Cultures 
from pleural fluid have slightly higher yield than stains, around 35%, but in 
concomitant pulmonary tuberculosis, the combination of sputum and pleural 
fluid culture can have a diagnostic yield of almost 80% [16]. Genetic testing has 
low sensitivity but good specificity [16], so a positive test is indicative of pleural 
fluid Mycobacterium tuberculosis presence, but a negative test does not rule out the 
pleural involvement.

Adenosine deaminase (ADA) is a lymphocyte-produced enzyme for metabo-
lism of the components of the DNA. ADA helps during T-cell differentiation and 
proliferation, and knowing the usual immune reaction activated by the tuberculous 
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bacilli, it is expected that ADA would be high during pleural tissue involvement. 
Levels of this enzyme have been available during years, and its use has been exten-
sively discussed. In high prevalent populations, a high level is almost diagnostic 
despite negative cultures of the mycobacterium [17]. The contrary is also considered 
correct: pleural cavity involvement can be ruled out when a patient in low-preva-
lence population has low levels of ADA in the pleural fluid. Suggested cutoff values 
for diagnosis for highly suggested disease are 65–70 IU/L. Levels of less than 35 IU/L 
have a high negative predictive value for disease in low-incidence populations [17].

Other tests that can be done for identification of tuberculous pleural effu-
sion include genetic testing with polymerase chain reaction, measurement of 
ᵞ-interferon levels, and interferon release assays. However, those tests have not been 
readily available and standardized for general use.

Pleural biopsy has the highest diagnostic yield until this time. Biopsy can be 
done using blind or image-guided percutaneous needle pleural cut. Images used to 
guide biopsy include ultrasound and CAT scan. Thoracoscopic and surgical pleural 
biopsy are more invasive alternatives. Tissue evaluation of the parietal pleural tissue 
can show caseous granuloma and the presence of acid-fast bacilli. Cultures of the 
pleural tissue have shown the highest yield (75–90%), increasing the diagnosis rate 
when the biopsy is guided by images [15].

The most efficient way of establishing a diagnosis for pleural tuberculous 
involvement is throughout a compressive and progressive evaluation. First, ruling 
out pulmonary parenchymal involvement should be done. Evaluation of the sputum 
for acid-fast bacilli and cultures is the first step. If pulmonary involvement is ruled 
out, in the presence of a lymphocytic predominant pleural effusion, pretest prob-
ability of pleural tuberculous infection must be taken into account. In low-preva-
lence populations, a low ADA (less than 35 IU/L) almost rules out the disease. In 
high-prevalence populations, a high ADA (more than 65 IU/L) is highly suggestive 
of pleural disease, and treatment can be considered. In a patient with ADA levels 
in between 35 and 65 IU/L, pleural biopsy can be done, and if typical granulomas 
are seen, therapy can be considered even with negative cultures. A positive culture 
would warrant an antibiotic therapy.

Therapy for tuberculous pleural involvement often is similar to pulmonary 
active infection, as it usually presents with concomitant disease. Usually it includes 
isoniazid, rifampin, ethambutol, and pyrazinamide for the first 8 weeks or until 
sensitivities are obtained, and then 16 weeks of isoniazid and rifampin are com-
pleted to a total of 6 months. Direct observe therapy is recommended during the 
completion of treatment [7].

Adding systemic steroids for pleural tuberculosis is not recommended as no ben-
efit has been seen [18], and usually complications of immunosuppressive therapy 
add morbidity and mortality to the patients. In some patients with persistent pain 
and fever symptoms, systemic steroids can be considered [7] for a short period of 
time, until symptoms subside. Surgical evacuation with simultaneous antitubercu-
losis antibiotics is the treatment option for empyema. It usually requires complex 
decortication and debridement of tissue and abscess area, with reconstruction of 
the surrounding tissue as in the case of empyema necessitans.

6. Cardiac and pericardial disease

Tuberculous involvement of the heart can include infection of the pericardium 
(most common), the cardiac muscle, and the large blood vessels as the aorta.

Pericardial involvement is similar to pleural tuberculosis. The pericardium 
acquires the infection by lymphatic or hematogenous spread of the bacteria, as well 
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matory reaction increases the permeability of the pleural capillaries to proteins and 
increases the oncotic pressure inside the cavity, increasing the rate of pleural fluid 
formation [13]. The pleural fluid, rich in cells and protein, obstructs the lymphatic 
ducts of the parietal pleura and decreases fluid clearance from the pleural space 
[13]. So, a high rate of fluid formation and the decreased pleural fluid removal lead 
to the accumulation of pleural fluid and development of pleural effusions. Also, the 
inflammatory reaction and granuloma formation affect directly the pleural tissue, 
causing pleural thickening and fibrosis.

Common clinical presentations include symptoms of concomitant pulmonary 
parenchymal infection as cough, hemoptysis, fever, and weigh loss. Other patients 
present with pleuritic and nonspecific pain or dyspnea as fluid accumulation causes 
compression of the lung tissue. Chest wall pain can occur as the parietal pleura is 
involved and a pleural inflammatory reaction causes abscesses and empyema. The 
most severe presentation is when the pleural abscess fistulizes to the chest wall, 
esophagus, main bronchus, and or abdominal cavity, seen as empyema necessitans. 
Rare cases present without symptoms [14] but have been reported.

Chest images can usually present with a unilateral moderate to large pleural 
effusion, and almost 90% of patient have concomitant pulmonary parenchymal 
findings [7]. So, it is always important to rule out active pulmonary disease when 
pleural tuberculosis is suspected. Nodules, abscesses, and pleural thickening are 
also common findings on imaging.

Pleural fluid analysis during tuberculous pleurisy shows usually an exudative 
effusion. As the clinical presentation is usually subacute and chronic inflammation 
and due to the common immune reaction, the pleural fluid usually presents with 
lymphocytic cells. Pleural fluid lymphocytic predominance is mostly of more than 
50% of the total cell count, and a ratio of lymphocytes to neutrophils is in the range 
of more than 75% [15]. Cells rarely seen in pleural fluid with tuberculous involve-
ment are mesothelial cells that are present in less than 5% of the total cell count, and 
eosinophils are rarely in a proportion of more than 10% [7].

Other pleural fluid analyses show increased fluid proteins and low pH and 
glucose. Lactate dehydrogenase levels are usually high in tuberculous pleurisy, often 
higher than concomitant blood levels [7].

Pleural fluid stains for tuberculosis as the acid-fast bacillus stains are rarely 
positive. However, in immunosuppressed patients, for example, HIV positive, 
it can be positive if it is around 20% of the pleural fluid analysis [16]. Cultures 
from pleural fluid have slightly higher yield than stains, around 35%, but in 
concomitant pulmonary tuberculosis, the combination of sputum and pleural 
fluid culture can have a diagnostic yield of almost 80% [16]. Genetic testing has 
low sensitivity but good specificity [16], so a positive test is indicative of pleural 
fluid Mycobacterium tuberculosis presence, but a negative test does not rule out the 
pleural involvement.

Adenosine deaminase (ADA) is a lymphocyte-produced enzyme for metabo-
lism of the components of the DNA. ADA helps during T-cell differentiation and 
proliferation, and knowing the usual immune reaction activated by the tuberculous 
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bacilli, it is expected that ADA would be high during pleural tissue involvement. 
Levels of this enzyme have been available during years, and its use has been exten-
sively discussed. In high prevalent populations, a high level is almost diagnostic 
despite negative cultures of the mycobacterium [17]. The contrary is also considered 
correct: pleural cavity involvement can be ruled out when a patient in low-preva-
lence population has low levels of ADA in the pleural fluid. Suggested cutoff values 
for diagnosis for highly suggested disease are 65–70 IU/L. Levels of less than 35 IU/L 
have a high negative predictive value for disease in low-incidence populations [17].

Other tests that can be done for identification of tuberculous pleural effu-
sion include genetic testing with polymerase chain reaction, measurement of 
ᵞ-interferon levels, and interferon release assays. However, those tests have not been 
readily available and standardized for general use.

Pleural biopsy has the highest diagnostic yield until this time. Biopsy can be 
done using blind or image-guided percutaneous needle pleural cut. Images used to 
guide biopsy include ultrasound and CAT scan. Thoracoscopic and surgical pleural 
biopsy are more invasive alternatives. Tissue evaluation of the parietal pleural tissue 
can show caseous granuloma and the presence of acid-fast bacilli. Cultures of the 
pleural tissue have shown the highest yield (75–90%), increasing the diagnosis rate 
when the biopsy is guided by images [15].

The most efficient way of establishing a diagnosis for pleural tuberculous 
involvement is throughout a compressive and progressive evaluation. First, ruling 
out pulmonary parenchymal involvement should be done. Evaluation of the sputum 
for acid-fast bacilli and cultures is the first step. If pulmonary involvement is ruled 
out, in the presence of a lymphocytic predominant pleural effusion, pretest prob-
ability of pleural tuberculous infection must be taken into account. In low-preva-
lence populations, a low ADA (less than 35 IU/L) almost rules out the disease. In 
high-prevalence populations, a high ADA (more than 65 IU/L) is highly suggestive 
of pleural disease, and treatment can be considered. In a patient with ADA levels 
in between 35 and 65 IU/L, pleural biopsy can be done, and if typical granulomas 
are seen, therapy can be considered even with negative cultures. A positive culture 
would warrant an antibiotic therapy.

Therapy for tuberculous pleural involvement often is similar to pulmonary 
active infection, as it usually presents with concomitant disease. Usually it includes 
isoniazid, rifampin, ethambutol, and pyrazinamide for the first 8 weeks or until 
sensitivities are obtained, and then 16 weeks of isoniazid and rifampin are com-
pleted to a total of 6 months. Direct observe therapy is recommended during the 
completion of treatment [7].

Adding systemic steroids for pleural tuberculosis is not recommended as no ben-
efit has been seen [18], and usually complications of immunosuppressive therapy 
add morbidity and mortality to the patients. In some patients with persistent pain 
and fever symptoms, systemic steroids can be considered [7] for a short period of 
time, until symptoms subside. Surgical evacuation with simultaneous antitubercu-
losis antibiotics is the treatment option for empyema. It usually requires complex 
decortication and debridement of tissue and abscess area, with reconstruction of 
the surrounding tissue as in the case of empyema necessitans.

6. Cardiac and pericardial disease

Tuberculous involvement of the heart can include infection of the pericardium 
(most common), the cardiac muscle, and the large blood vessels as the aorta.

Pericardial involvement is similar to pleural tuberculosis. The pericardium 
acquires the infection by lymphatic or hematogenous spread of the bacteria, as well 
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as rupture of granulomas on an adjacent tissue. Once the mycobacteria reach the 
tissue, it causes similar hypersensitive reaction inside the pericardium leaded by T 
cells. This inflammatory process induces a granulomatous reaction that progresses 
to a fibrinous and serosanguineous effusion and produces pericardial thickening 
and fibrosis [18]. Impaired lymphatic drainage can worsen the process and cause 
rapid accumulation of fluid.

Clinical presentations can vary from systemic symptoms due to pulmonary 
and other organ infection to chest pain and congestive heart failure. Rapid fluid 
accumulation can cause vascular collapse due to cardiac tamponade. Asymptomatic 
pericardial effusion is very uncommon.

Diagnosis of pericardial involvement is made by similar mechanisms as pleural 
disease. Analysis of pleural fluid aspirated using direct visualization with ultra-
sound or CAT scan can be done. Also, surgical exploration is an alternative when 
those methods are not available, and other diseases are also considered. Pericardial 
fluid analysis findings are similar to tuberculous pleural fluid, including lympho-
cytic cellular predominance, low glucose and pH, high LDH levels, and similar 
levels of ADA. Biopsies usually show granulomas and AFB, and culture for myco-
bacteria can be positive. Empiric treatment response can be highly suggestive of 
diagnosis in high-risk populations with no conclusive diagnosis, but confirmation 
of infection is the recommended evaluation.

Other cardiac involvement presentation is direct invasion of the myocardial 
tissue and endocarditis. This is a very rare presentation and is usually fatal. Clinical 
findings include symptoms similar to a cardiomyopathy with heart failure, arrhyth-
mias, conduction blocks, cardiac output blocks, valvulopathy, and aneurysms [8]. 
Diagnosis is usually done with an autopsy due to the severity of the cases.

The aorta can also be involved after hematogenous involvement or due to 
proximity in concomitant cardiac disease. In nonfatal cases, diagnosis is done after 
reviewing tissue from repaired aneurysms [19].

Therapy for cardiac tuberculosis includes drainage of pericardial effusions, 
by surgical or percutaneous methods, with simultaneous antituberculous anti-
biotics for 6–9 months. Systemic steroids during pericardial effusion have not 
demonstrated less progression to fibrosis in the pericardium or less requirement 
of surgical interventions, but some studies suggest a decrease in mortality [20]. 
Antituberculous therapy has an initial regime of four drugs (isoniazid, rifampin, 
ethambutol, and pyrazinamide) and then two drugs, as sensitivities become avail-
able. Surgical interventions are indicated in some cases of valvular or large vessel 
involvement.

7. Bone and musculoskeletal involvement

The most common presentation of musculoskeletal involvement is vertebral 
and chest wall invasion secondary to hematogenous, lymphatic, and adjacent tissue 
infection spreading. When the spine is involved, it is known as Pott’s disease. The 
name originated from the description of tuberculous infection of the spine by Sir 
Percivall Pott, a British surgeon, in 1779 [21]. The tuberculous bacilli invade the 
bone and vertebral disk with an inflammatory and mass-like process that destroys 
the tissue causing fractures and can progress to cord compression.

Clinical presentation will vary according to deepness of tissue invasion and 
localization. Images usually show the lesions and guide the tissue diagnosis. 
Confirmation of tuberculosis involvement is done by tissue diagnosis and cultures. 
The treatment includes a similar antituberculous drug regime to other sites and 
surgery to correct possible mechanical damage.
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8. Conclusion

Thoracic extrapulmonary tuberculosis is a disease characterized for 
Mycobacterium tuberculosis involvement outside the pulmonary parenchyma and 
inside the chest cavity. It has a variety of presentations according the tissue affected. 
More common presentations include the lymph nodes and pleural tissue, but rare 
cases present with myocardial and chest wall invasion. Cases can be fatal. Therapy 
usually is mainly based on antituberculous therapy, but some patients require 
percutaneous and surgical procedures. Clinical suspicion and the correct work-up 
usually led to the diagnosis.
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Pulmonale in Acute Respiratory 
Distress Syndrome Patients
You Shang and Ting Zhou

Abstract

Beneficial therapeutic interventions for acute respiratory distress syndrome 
(ARDS) include lung protective ventilation; however, ventilator may cause or some-
times worsen acute cor pulmonale (ACP) induced by pulmonary gas exchange dis-
order and pulmonary vascular dysfunction due to ARDS. The incidence of ACP was 
22–50% in mechanically ventilated patients. Currently, point-of-care ultrasound 
has been widely used in ARDS patients, which becomes much more important in 
the early detection and management of ARDS and its complications. Application of 
lung ultrasound combined with echocardiography could monitor respiratory status, 
hemodynamics, and cardiac function and optimize the ventilation setting in order 
to protect both lung and right ventricle. This chapter will discuss the pathophysiol-
ogy of ACP associated with ARDS and the use of point-of-care ultrasound to make 
protective strategies for lung and right ventricle in detail.

Keywords: acute respiratory distress syndrome, acute cor pulmonale, point-of-care 
ultrasound, organ protection

1. Introduction

The concept of acute respiratory distress syndrome (ARDS) was first described 
about five decades ago [1], which is characterized by the acute development of 
hypoxemia accompanied with bilateral lung infiltrates [2]. ARDS is responsible not 
only for infections, shock, and multiple organ dysfunction syndromes but also for 
acute cor pulmonale (ACP) and right ventricular failure in critical ill patients. The 
mortality of ARDS is 40% approximately in intensive care unit [3], and almost 25% 
of mechanically ventilated patients could be affected by ARDS [4]. Lung protective 
mechanical ventilation using low tidal volume and high positive end expiratory 
pressure (PEEP) and other therapeutic interventions such as fluid restrictive, prone 
position, neuromuscular blockade, lung recruitment, and sometimes venovenous 
extracorporeal membrane oxygenation (VV ECMO) for severe cases may be 
beneficial [5–9]; however, none of them are promising and may cause other compli-
cations, for instance, low tidal volume and high PEEP may lead to hypercapnia and 
consecutive right heart failure [4].
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In 1977, it was first found that some ARDS patients accompanied with deleteri-
ous effect on pulmonary system and increased pulmonary vascular resistance, or 
even pulmonary hypertension [10]. Until 2001, it was reported that there was 25% 
ARDS patients occurring acute cor pulmonale (ACP) when they were receiving 
lung protective mechanical ventilation with low tidal volume and high positive end 
expiratory pressure (PEEP) [11]. The incidence of ACP was much higher in severe 
ARDS patients whose PaO2/FiO2 were lower than 100 mmHg. The morbidity was 
over 50% [12]. In terms of mortality, it was over 60% in moderate to severe ARDS 
patients (Berlin definition) with ACP, which was defined by transesophageal ultra-
sound (TEE); however, the incidence was 30% if without ACP [13]. We will discuss 
it in detail in this chapter.

2. Pathophysiology of acute cor pulmonale (ACP) in ARDS patients

The main function of right heart is maintaining adequate pulmonary perfusion 
pressure to deliver desaturated mixed venous blood to the respiratory membrane 
and low systemic venous pressure to prevent organ congestion. The right ventricle 
is sensitive to changes in afterload because it is anatomically adapted for the genera-
tion of low-pressure perfusion [4, 14–16].

Hypoxia induced by ARDS will cause the construction of pulmonary vessels. 
Pulmonary vasoconstriction could be caused not only by hypoxia but also by dam-
aged pulmonary capillary coagulation, which may result in microvascular obstruc-
tion in the lung. In early phase of ARDS, microvascular thrombi could be seen in the 
histological studies. Those obstructed capillaries could lose their vascular structures 
in late phase of ARDS [17]. Lung protective mechanical ventilation with low tidal 
volume may also lead to hypercapnia in ARDS patients, aggravate the constric-
tion of pulmonary arteries, and increase the pulmonary vascular resistance [18]. 
Furthermore, microvascular obstruction damaged coagulation and inflammation in 
ARDS contributes to increased afterload of right ventricle and induces right heart 
failure [19]. When right heart fails to deliver adequate volume to pulmonary circula-
tion, the left heart will be affected with low cardiac output, decreased systemic 
hypotension, and multiple organ malperfusion.

Mechanical ventilation is also an important determinant to ACP and right 
ventricular failure; however, there is no robust evidence to support a definitive 
causal relationship between ACP and respiratory mechanics parameters, such as 
plateaus pressure, driving pressure, PEEP, and so on. If Vt or PEEP is inappropriate 
high, pleural pressure will increase and affect venous return of right atrium [20]. 
Even 6 ml/kg Vt still caused lung overdistension in one-third of ARDS patient [21]. 
Too low PEEP also results in atelectasis and progressive lung injury [22]. Function 
of right heart relies on the intrapleural pressure, gas exchange, and balance of lung 
recruitment and overdistension [13]. A large prospective observational clinical 
study had been designed to find that there are three physiological and one clinical 
parameters that could reflect the risk of ACP and would facilitate the attending 
physician in selecting patients who require echocardiographic assessment and close 
monitoring. The four variables were as follows: (1) pneumonia as a cause of ARDS; 
(2) driving pressure (plateau pressure-total positive end-expiratory pressure) 
>18 cm H2O; (3) PaO2/FiO2 < 150 mmHg; and (4) PaCO2 > 48 mmHg. One score for 
each variable. Patients with a score higher than two had a higher risk of ACP (19, 34, 
and 74% for risk scores of 2, 3, and 4, respectively) [16].

Damage to either gas exchange or respiratory mechanics may excessive 
increases preload or afterload of right ventricle, or injury that results in decreased 
right ventricular contractility [4]. However, due to anatomic structure of right 
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ventricle, the tolerance of acute increases of afterload is poor, and right heart 
undergoes dilate to afford it (according to Starling’s law). Then, the decrease in 
right ventricular ejection is responsible for a decrease in left ventricular preload, 
and right ventricular dilatation is also responsible for left ventricular compression 
by a septal shift because of the inextensible pericardium [11, 23]. So, decreased left 
ventricular ejection lowers the cardiac output, systemic blood pressure, and then 
the coronary artery flow. Decreased coronary artery flow aggravates hypoxia of 
myocardium; meanwhile, the oxygen consumption of myocardium is increased. 
When there is an imbalance of oxygen demand and supply, the vicious cycle 
begins; the more the right heart dilates, the less the right heart coronary blood 
flow, and the reduced right heart function [4, 24].

In ARDS patients, we try to achieve a balance between maintaining lung open 
and adequate right heart function; thus, we need to ultrasound to assist us to moni-
tor both lung and heart function at meantime [3].

3.  Monitor pulmonary function using point-of-care ultrasound in 
clinical setting

Point-of-care ultrasound is a readily, minimal invasive, no-radiation and 
repeatable bedside tool in clinical settings, which has increased widely over the past 
decade in the intensive care units and plays a very important role in helping inten-
sivists’ diagnosing and treating critical ill patients [25].

Point-of-care pulmonary ultrasound scan could be used to assist the diagnosis 
in the early phase of ARDS. Suspected ARDS could be confirmed by pulmonary 
ultrasonography scan through the following typical patterns characterized by 
B-lines, spared areas, pleural line thickening, and subpleural consolidations [26]. 
The blue protocol indicates the number and thickness of B-lines permitting a 
semiquantitative evaluation of the amount of extravascular lung water and lung 
density as well. Lung ultrasound could determine the consolidation of local lung 
segment, usually in the basal and posterior area, showing hepatization (tissue pat-
tern) in the presence of air bronchograms in 83.3% ARDS patients [27, 28]. Lung 
ultrasound could also assist intensivists to evaluate proper PEEP in lung recruit-
ment in ARDS patient, avoiding high PEEP induced lung injury. When localized 
the consolidation of lung segments with lung ultrasound with real-time monitor-
ing, increasing PEEP stepwisely could reduce the degree of nonaerated lung area, 
while no hemodynamic deterioration was noted [29]. Although CT is considered 
a valid technique to estimate lung recruitment in ARDS patients by quantifying 
the amount of tissue according to the different lung recruitment maneuvers, lung 
ultrasound provides higher safety and available at bedsides and allows continuous 
monitoring of the nonaerated dependent lung regions, avoiding derecruitment in 
clinical practice [30, 31].

4. Critical care echocardiography

Ultrasound has been applied in critical ill patients worldwide, which guided 
the intensivists establish not only all sorts of catheters, like central veins and 
arteries, but also thoracentesis, peritoneocentesis, and sometimes rachiocentesis. 
In the other words, ultrasound provides a real-time view and assists the prefor-
mation of intensivists under any critical situations. Despite its easily application 
and availability in any situation, ultrasound has become much more important in 
management of ARDS patients when evaluating their cardiac function because 
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those patients had complex interactions among the lung, the ventilation, and the 
right ventricle [32]. Recently, there were debates about the choice of the modal-
ity of echocardiography, either transthoracic (TTE), or transesophageal (TEE). 
Most documents indicated that TEE is superior to TTE for diagnosis of ACP or 
right ventricular dysfunction in mechanically ventilated patient with moderate 
to severe ARDS, as it overcomes technical problems associated with acoustic 
views and measurements that can usually be performed easily [32, 33]. Another 
advantage about TEE is providing safely and efficiently when ARDS patients need 
long duration of prone position or have excessive pneumoderma affecting the 
ultrasound images [34]. Furthermore, some articles also indicated that TEE has 
high accuracy than TTE in observing ACP if the patient was mechanical ventilated 
with high PEEP [33, 35]. Compared to TEE, the sensitivity of TTE for diagnosis 
of right ventricular dysfunction was only 60% (95% CI, 41–77%) [36]. However, 
if both TEE and TTE could be chosen in the ICU, the intensivists should consider 
individual clinical conditions of the patients, experience of using echocardiogra-
phy, and the clinical settings of the ward. The related invasiveness of TEE should 
be considered too [37].

As mentioned above, the definition of ACP is acute increased right ventricular 
afterload, which resulted in right ventricular dilatation and may compromise left 
ventricular filling. Right ventricular volume overload is defined as dilatation of the 
right ventricle that could be easily observed with echocardiography, while right 
ventricular pressure overload is defined as dyskinetic movement of the septum 
during end-systole. Right ventricular volume and right ventricular pressure could 
interact with each other [37, 38].

There are many echocardiographic manifestations of ACP. Echocardiography 
of ACP in an ARDS patient ventilated with a lung protective approach is character-
ized by (A) a severe dilatation of the right ventricle, a mark, or of right ventricular 
failure and (B) a paradoxical septal motion with the “D-shape” of the left ventricle, 
reflecting that right ventricular failure is related to systolic overload (abrupt 
increase in right ventricular afterload) [32].

Based on the visual image of the right heart provided by two-dimensional 
echocardiography, assessment of right ventricular size is a widely adopted method, 
by comparing the right ventricular end-diastolic area (RVEDA) with the left ven-
tricular end-diastolic area (LVEDA) [24, 32, 39]. The RVEDA/LVEDA ratio between 
0.6 and 1 indicates moderate ACP, while the RVEDA/LVEDA ratio greater than 1 
indicates severe ACP. ACP diagnosis by echocardiographic has been defined as the 
combination of an RVEDA/LVEDA ratio > 0.6 and the presence of paradoxical 
septal motion during end-systole on parasternal short axis and apical four-chamber 
views, which now considered to be gold standard [4, 24, 33].

The statement from the Heart Failure Association and the Working Group on 
Pulmonary Circulation and Right Ventricular Function of the European Society 
of Cardiology indicated 12 echocardiographic parameters in the assessment of 
right ventricular failure, which were (A) pericardial fluid >5 mm in diastole; (B) 
RV wall thickness > 5 mm; (C) inferior vena cava diameter > 21 mm, inspira-
tion collapse <50% suggests high RA pressure; (D) tricuspid regurgitation peak 
systolic velocity of TR > 2.8 m/s; (E) tricuspid annular plane systolic excursion 
TAPSE < 17 mm; (F) right ventricle dilation RVEDD/LVEDD > 1.0, right ventricle 
basal diameter > 41 mm; (G) right ventricle fractional area change, FAC < 35%; (H) 
ventricular interdependence: septal shift, D-shaped left ventricle; (I) systolic S′ 
velocity of tricuspid annulus < 9.5 cm/s by Doppler Tissue Imaging; (J) longitudinal 
strain of right ventricle free wall < 20%; (K) right ventricular index of myocardial 
performance, RIMP > 0.54 by Doppler Tissue Imaging; and (L) 3D right ventricular 
ejection fraction < 45% [40].
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5. Right heart protection

Effective treatment of acute cor pulmonale or right heart failure requires an 
experienced and skilled ICU team to rapidly assess and treat. Lung protective 
mechanical ventilated strategy could not guarantee to protect the function of right 
heart for the intensivists. Performing bedside echocardiography could help in 
tailoring the ventilator management to decrease right ventricular afterload when 
ACP is detected, thus potentially avoiding further deterioration toward severe ACP 
[16, 41]. Moreover, within the visual image of the right heart provided by two-
dimensional echocardiography, early observation of right ventricular dysfunction 
using echocardiography could help the intensivists to differentiate the pathophysi-
ology of ACP and make appropriated treatments to optimizing right ventricular 
preload, increasing right ventricular contractility, and reducing right ventricular 
afterload, such as therapeutic treatment or prone position [12, 42]. Furthermore, 
echocardiography could also provide a continuous visual image after the treatments 
and help to evaluate whether the heart function is improved or not. In other words, 
with echocardiography, the morbidity and mortality of ACP in ARDS patient might 
be reduced, and there is a huge need to design more clinical trials using echocar-
diography in critical ill patients with ARDS.

6. Conclusion

Because of the coupling between lung and heart, the right ventricle is also 
involved in ARDS either primarily or by the application of mechanical ventilation. 
Acute cor pulmonale is seen with increasing frequency in the intensive care unit. 
The incidence of acute cor pulmonale during ARDS is, even if under protective 
ventilation, not negligible. The use of echocardiography combined with lung 
ultrasound is important for early detection of acute cor pulmonale and identifica-
tion of the appropriate ventilator strategy to preserve heart-to-lung interaction. 
Furthermore, right now, there is no clinical practice guideline or therapeutic 
intervention focus on the right ventricular protective ventilation strategy in ARDS 
patients with high risk of ACP. More research should be done to establish how to 
differentiate patients with high risk of ACP, immediate assessment by echocardiog-
raphy, and early interventions.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 7

Long-Term Adherence and 
Maintenance of Benefits in 
Pulmonary Rehabilitation
Hulya Sahin

Abstract

Pulmonary rehabilitation (PR) is a comprehensive intervention in chronic lung 
diseases, including personalized special therapies, exercise training, education and 
behavioral changes to improve the physical and psychological status of the patients, 
and aims to promote behavior that helps improve health status in the long term. 
A personalized PR program administered by a multidisciplinary team is recently 
considered a standard and complementary treatment method in chronic lung dis-
eases. After the PR program, dyspnea of COPD patients decreases and their exercise 
capacities increase. Their daily life activities and physical activities increase. Their 
functional dependence decreases and quality of life increases. It presents a perfect 
opportunity to provide self-management and independence for the patients and 
improve their quality of life. Studies have shown that, unless there is a structured 
maintenance program, after an average of 6–12 months following PR programs, 
the gains that are realized start to decrease. Decrease of gains due to causes like a 
decrease in compliance to exercises, disease progress, attacks and co-morbidities. 
Causes such as decreased compliance to exercise, progression of the disease, attacks 
and comorbidities play a role in reducing gains. Especially in advanced age and in 
the presence of severe disease, the gain in exercise tolerance is lost more rapidly. 
The methods used and the results obtained to ensure the continuation of the gains 
differ.

Keywords: pulmonary rehabilitation, maintenance, adherence, chronic respiratory 
disease, COPD

1. Introduction

Based on hard evidence, pulmonary rehabilitation (PR) increases exercise 
capacity, decreases perception of dyspnea and improves the quality of life [1, 2]. 
Therefore, it has become a standard treatment in the management of patients 
suffering from chronic respiratory disease [1]. The basic component of this com-
prehensive program is exercise training and it is intended to break the vicious circle 
of dyspnea and deconditioning [3, 4]. Maintenance of the benefits in patients who 
participated a PR program depends on increasing the physical activity and chang-
ing the lifestyle. A successful PR program requires the patients to make a series of 
complicated changes in their behaviors such as regularly exercising, adaptation to 
treatment, learning the methods of breathing and changing lifestyle [5].
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In terms of maintaining the benefits, patient’s failure to do physical activities 
and change the lifestyle after PR constitutes the major problem [6]. According to 
In a study which assessed the COPD patients 3 times within 1 year after PR, it was 
found that the daily step count, time spent for sedentary activities and daily physi-
cal activities did not change [4]. Likewise, when COPD patients administered PR 
were assessed 3 and 6 months after the program, it was seen that the time allocated 
for walking had not changed. In COPD patients, increased physical activity after 
PR depends on two factors: frequency of supervised exercise and the duration of 
the program [6]. While offering education three times weekly ensures an increase 
in the physical activity, providing education for two times is insufficient [7]. While 
a 3-month exercise program had no effect, 6-month supervised exercise program 
increased physical activity [8].

2. Maintenance of benefits in pulmonary rehabilitation

The benefits start to diminish over 6–12 months in the absence of structured 
maintenance programs after the program [6, 9]. Reasons such as decreased adher-
ence to exercise, progression of the disease and attacks are responsible for this 
decrease [9]. The benefit in exercise tolerance diminishes more rapidly especially in 
old age and in the presence of severe disease [3]. To maintain the benefits, repeating 
the program once a year or in cases where there is a decrease in exercise capacity, 
worsening in quality of life or increase in symptoms may be used a method [1]. A 
part of the COPD patients who accomplished the PR program were administered 
repeat PR program and the walk distance was observed to increase similar to the 
first program. It was determined that the maximum decrease in walk distance 
occurred when there is a 25-month period between two programs, and therefore, it 
was stated that the repeat program should be started before 25 months [1]. In COPD 
patients attended to PR program for two consecutive years were observed to lose the 
benefits in exercise tolerance and perception of dyspnea 1 year later, however they 
maintained the improvement in quality of life. In the meantime, annual number 
of bed-days and attacks decreased more. This study indicated that the repeated PR 
ensures maintaining the quality of life as well as decrease in number of attacks and 
hospitalization although the benefits in exercise capacity and perception of dyspnea 
were not maintained [10]. In COPD patients who attended a PR program for three 
consecutive years, the decrease in FEV1 was observed to be less compared to those 
who did not attend the program, and therefore, it was concluded that the repeat 
programs increased physical performance and slowed down the progression of the 
disease [11]. Two-third of COPD patients administered repeat PR program achieved 
significant improvement in exercise capacity. It seems offering repeat PR programs 
to COPD patients when necessary is beneficial even after a long time between 
interventions [12]. In severe COPD patients who attended PR programs for three 
times with 6-month intervals, dyspnea, fatigue and quality of life scores improved, 
and bed-days decreased after 1 year. No favorable changes were observed in patients 
who administered PR for once [13]. There were clinically significant improvements 
in exercise tolerance and quality of life in patients who repeated the PR program 
within 1–3 years; however, the increase in walk distance was less compared to the 
increase achieved after the first program. Thus, early intervention and a longer 
program are recommended [14].

Another method to reinforce and prolong the benefits of a successful rehabili-
tation program may be the maintenance programs after the program. However, 
optimal strategies have not yet been described to meet this goal [6]. There are 
different approaches about the exercise type, level of supervision, physiotherapy 
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strategies, duration and frequency of administration in the maintenance program. 
Therefore, the effectiveness of maintenance program is debated for the moment 
[15]. Following the 8-week PR program administered to moderate and severe COPD 
patients, patients were provided with a similar home-based program for 3 years 
(15 min of chest physiotherapy, 30 min of arm exercise, and 30 min of leg exercise) 
and they were called by physiotherapists every 15 days. In patients assessed on 
years 1, 2 and 3, it was seen that the significant change in BODE index and walk 
distance disappeared after year 2 [15]. Similarly, in patients with moderate and 
severe COPD who took supervised daily exercise for 3 months and weekly super-
vised breathing exercises for 6 months following 3-month PR, it was determined 
that the positive improvements in dyspnea, fatigue, walk distance and quality of 
life substantially diminished after year 2 [16]. It was observed that the exercise 
tolerance increased in patients with chronic pulmonary disease who were called 
every week for 12 months and who took supervised reinforcement sessions once 
a month, they had an improved medical condition and that the duration of their 
stay in the hospital decreased, however those positive effects disappeared at the 
end of year 2. Besides, no changes were found in respiratory functions, perception 
of dyspnea, self-efficacy, quality of life and use of healthcare resources and the 
improvement provided by the maintenance treatment after PR was reported as 
mild [5]. According to a study where mild COPD patients with exercise intolerance 
were visited by physiotherapists for 20 months following a 4-month PR program, 
dyspnea, exercise capacity and quality of life changed favorably and that those 
benefits were maintained for 2 years [17]. In several other studies, it was suggested 
that maintenance treatment was useless in maintaining the benefits [18, 19]. COPD 
patients prescribed exercise to do at home after PR program attended an exercise 
support group once a month and contacted via telephone calls once a month. At 
the end of the first year, no significant improvements were achieved in the exercise 
capacity and quality of life of the patients [18]. In COPD patients provided with 
1-h patient-tailored exercise training and 1-h education every 3 months, no positive 
changes were recorded at the end of 1 year and thus, it was indicated that mainte-
nance program had no effect on maintaining the benefits and that other methods 
were required to achieve that [19].

Some studies went beyond the traditional methods and investigated the effec-
tiveness of several technological devices [7]. Moderate and severe COPD patients 
were given auditory stimuli after PR and asked to walk for 30–45 min 2–5 times 
per week, and there had been a decrease in perception of dyspnea and a significant 
increase in walk distance at the end of week 8. Based on this result, it was indicated 
that giving auditory stimuli was both a simple and a cost effective method to 
increase the efficiency of maintenance treatment after PR. Use of motion-sensitive 
devices during and after the program had been a research subject [20, 21]. No 
difference was detected between COPD patients using pedometer during and for 
6 months after 8-week PR program and the patients who did not use the device in 
terms of physical activity [20]. When accelerometers were used in severe and very 
severe COPD patients attended to PR program, although there were no changes in 
unsupervised exercises, it was observed that physical activity in supervised exer-
cises increased. Therefore, it is important to use an accelerometer to measure the 
walking habit and daily activity of COPD patients with severe dyspnea [21]. To see 
the changes in physical activity, a sensitive, valid and reliable accelerometer pedom-
eter should be preferred [7].

In brief, it is not enough to increase the exercise capacity, decrease the percep-
tion of dyspnea and to improve the quality of live in patients after PR. In order 
to maintain these benefits, it is required to increase the physical activities of the 
patients and change the lifestyle of the patients at the end of the program. In most 
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of the studies on this matter, it was found that the improvement in quality of life 
continued and the diseases progression slowed through repeat programs although 
the decrease in perception of dyspnea and increase in exercise capacity were not 
maintained. While it was shown that the benefits were maintained for 2 years with 
maintenance programs, the type of exercise, frequency of supervision and the 
length of program are not clear yet; therefore, there is are no recommended mainte-
nance programs. A very small number of studies related to the use of technological 
devices suggested that giving auditory stimuli or using accelerometer during and 
after the program had an impact on increasing the physical activity.
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The Realm of Oncological Lung 
Surgery: From Past to Present and 
Future Perspectives
Alexander Maat, Amir Hossein Sadeghi, Ad Bogers  
and Edris Mahtab

Abstract

In this chapter, a historical overview as well as an overview of state of the art 
of the surgical techniques for the treatment of lung cancer is outlined. The chapter 
focuses on the introduction of open surgery, video-assisted thoracic surgery (VATS), 
uniportal VATS (UVATS), and robotic-assisted thoracic surgery (RATS) techniques 
for lung resections. A short introduction on upcoming techniques and modalities is 
given. The currently available tools as three-dimensional (3D) computed tomogra-
phy (CT), virtual reality, and endo-bronchial surgery will be discussed. Based on the 
current development, this chapter attempts to delineate the horizon of oncological 
lung surgery. The information is generated not only from the available literature, 
but also from the experiences of surgeons and other physicians as well as co-workers 
involved in lung cancer treatment around the world. This chapter can be seen as a 
general introduction to several aspects of oncological lung surgery.

Keywords: lung cancer, lung surgery, VATS, UVATS, RATS, thoracotomy, virtual 
reality, endo-bronchial surgery

1. Introduction

For centuries, the inside of the chest cavity was a no-go area for complex surgical 
interventions. The problems of an open pneumothorax were already known by the 
ancient Greek Celsus around the year 30 AD noted: “as soon as the knife really pen-
etrates to the chest, by cutting through the transverse septum, a sort of membrane 
which divides the upper from the lower parts, the man loses his life at once” [1].

At that time, drainage of an empyema as described by Hippocrates (approx. 
460–375 BC) was the only feasible operation [2]. The first report of a successful 
lung resection is attributed to Roland of Parma in 1499 who resected the herniating 
part of a lung, days after a penetrating chest trauma [3]. In 1846, general anesthesia 
with ether had been introduced by William Morton in Boston, an extremely impor-
tant step in the history of surgery.

During the mid-nineteenth century, when tuberculosis reached its highest 
incidence, it was recognized that a state of rigidity of the mediastinum permitted an 
open pneumothorax. Estlander of Helsingfors was one of the first to describe wide 
thoracoplasty in order to “rest” a lung affected by tuberculosis (“decostalisation of 
the chest” in 1879) [4].
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During the late nineteenth century, many experiments were carried out, mainly 
in animals, aimed at performing lobectomy and pneumonectomy. Usually these 
experiments were done in stages, the first procedure aiming at creating a state of 
fixation of the mediastinum. The world still was not ready yet for primary lung 
resections.

Further in this chapter, a historical overview and an overview of modern surgi-
cal techniques for the treatment of lung cancer are outlined. The focus is on the 
introduction of open surgery as well as the minimally invasive surgery. In addition, 
a short introduction to upcoming techniques and modalities is given.

2. The evolution of thoracic surgery: a journey through time

2.1  The first giant steps: aseptic approach, X-ray, and positive pressure 
ventilation

During the late nineteenth century, Joseph Lister, based on Louis Pasteur’s 
theory of micro-organisms, introduced the concept of asepsis in 1867. Surgeon’s 
hands, instruments, and surgical wounds were sterilized with 5% carbolic acid 
(phenol) solution and a mist of phenol was sprayed into the surgical field [5]. This 
policy led to an extreme reduction of post-operative mortality and for this reason, 
Lister is regarded as the father of modern surgery. Caroline Hampton, chief nurse 
and later on the wife of William Halsted, one of the founding fathers of the John’s 
Hopkins Hospital, developed severe dermatitis due to frequent exposure to phenol 
and mercuric chloride. This provoked Halsted to ask the Goodyear Company to 
develop rubber gloves to protect the hands of the surgical team. These became avail-
able at the end of 1890 and were soon used throughout the world [6].

The aftermath of the nineteenth century saw the discovery of X-ray by 
William Konrad Rontgen in 1895. For the first time in mankind, it became pos-
sible to identify large tumors in the chest when not shaded by the heart and other 
mediastinal structures. At the turn of the twentieth century, the major barrier to 
enable one stage intrathoracic surgery was that of the open pneumothorax. This is 
remarkable since the anatomist Vesalius in 1543 had extensively studied respiration 
and already studied tracheotomy and positive pressure ventilation. His ideas would 
be dormant for about 3.5 centuries [7]. Based on this concept that there should 
be a pressure difference between the intra-alveolar pressure and the atmospheric 
pressure, Sauerbruch, still an assistant of von Mikulicz, developed the negative 
pressure chamber [8]—a genius idea, but quite unpractical. Only two of these 
operation theaters were built worldwide, one in Germany and the other one in the 
German Hospital (today the Lenox-Hill hospital) in New York where the surgeon 
Willy Meyer, emigrated to the USA from Germany in 1884, added a small positive 
pressure chamber over the patients head in 1909, this was called the super chamber 
but it was never clinically used [9]. Willy Meyer would become one of the founding 
fathers of the American Association for Thoracic Surgery (AATS) in 1918.

In the same year, 1909, and also in New York, Meltzer and his son-in-law Auer 
launched their concept of positive pressure ventilation, using a flexible silk woven 
tracheal catheter and a continuous stream of air mixed with ether [10]. Their 
concept was the birth of modern anesthesia. Recognizing that this was an enormous 
step forward, Meltzer was invited to become the first president of the AATS. In a 
speech delivered at the founding meeting of the AATS, Willy Meyers stated: “The 
thorax was the last fortress to be attacked and it has been laid open safely to the 
surgeon’s knife” [9].
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2.2 Smoking induced global lung cancer epidemic

Lung cancer was a very rare disease in the beginning of the twentieth century. 
In 1919, Alton Ochsner, as a medical student was invited with his whole class to 
witness an autopsy of a patient who died of lung cancer. The pathologist announced 
that no one in that class would ever again see another such case [11]. It took 17 years 
before Ochsner, who had become a surgeon, saw his second case, followed by 8 
other cases in the 6 following months. All of these patients were male and had 
served as soldiers in World War I and in the line of duty they had taken up the 
habit of smoking, provoked by mass advertisements promoting smoking. Ochsner 
was amongst the first surgeons to correlate smoking to the development of lung 
cancer [12]. With the lung cancer epidemic which started after World War I, the 
number of patients with potentially resectable lung cancer increased significantly. 
Two major surgical items had to be settled; should a lung resection for cancer be 
a lobectomy or a pneumonectomy and what is the best surgical technique? Is it 
mass hilar ligation or anatomical dissection? The first report on lobectomy for 
lung cancer was that of Edward Churchill (Boston) in 1932 [13]. One year later, 
Evarts Graham, while intending to perform a lobectomy, was forced to perform a 
pneumonectomy because the tumor was very centrally located in the hilum at the 
origin of the left upper lobe (bronchoplastic procedures such as sleeve resection 
had not been developed yet) [14]. For a considerably long period, pneumonectomy 
was regarded as the golden standard for all lung cancer patients. Lobectomy by 
many was considered inferior and compared with lumpectomy without resection 
of loco-regional lymph nodes in breast cancer [15]. Only in 1962, a large case series 
between pneumonectomy and lobectomy were compared showing that lobectomy 
was equivalent to pneumonectomy as a cancer operation but with a lower rate of 
complications and mortality [16].

2.3 Fundamental steps in the development of state-of-the-art lung surgery

With respect to surgical technique, there was no consensus on hilar control; 
mass ligation or anatomical dissection and step-by-step control of the hilar struc-
tures. Cadaveric studies performed by Blades and Kent in the early 1940s pushed 
the world toward the latter, later supported by several publications of Boyes on the 
intrahilar anatomy of the lung segments [10, 17].

With this knowledge, Clement Thomas Price (London, 1947) introduced 
the concept of parenchyma sparing operations, having done the first anatomi-
cal segmentectomy in a lung cancer patient [18]. The first sleeve resection for 
bronchogenic carcinoma was performed in 1952 [19]. Consequently, it was around 
the mid-1950s the four main operations in lung cancer as we know today were in 
the armamentarium of the thoracic surgeon: pneumonectomy, lobectomy, sleeve 
lobectomy, and segmentectomy.

A major step forward was the introduction of double lumen endo-tracheal tube 
by Carlens in 1949 [20]. With this selective single lung ventilation concept, modern 
lung surgery is greatly facilitated, particularly, the endoscopic and robotic tech-
niques used nowadays (discussed later in this chapter).

Diagnostic techniques were still very primitive in that era compared with today’s 
standards. Besides standard chest X-ray, there was rigid bronchoscopy, bronchog-
raphy, planography, and cytology. The concept of staging had to be developed yet. 
Exploratory thoracotomy in “operable patients” was performed with a very low 
threshold, not to lose time. Some authors reported up to 50% inoperability [21]. 
In the Amsterdam University Hospital between 1955 and 1960 in a series of 100 
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2.2 Smoking induced global lung cancer epidemic
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exploratory thoracotomies in patients who were found to be inoperable, 54% of 
patients had complications and 9 of the 100 patients died due to post-operative 
complications [22]. In 63% of the cases, mediastinal ingrowth or large irresectable 
nodes were found. In 23%, there was in growth in heart and/or major vessels, 12% 
ingrowth into the thoracic wall, 1% in growth in the diaphragm, and 1% pleural car-
cinomatosis. By far, mediastinal involvement was the leading cause of inoperability. 
In 1959, Carlens had published his experience with 100 mediastinoscopies [20]. The 
morbidity of this technique was 2.5% and the mortality was less than 0.5%, way 
better then exploratory thoracotomy. The Amsterdam team embraced mediasti-
noscopy and combined this in a series of operable patients with bronchoscopy and 
on indication diagnostic pneumothorax. Due to the mediastinoscopy findings, the 
resection rate in Amsterdam rose from 60 to 94% with 12% false positive medias-
tinoscopies [20]. Years later, in 1984, Griffith Pearson published a landmark paper 
showing that when positive mediastinal nodes were found, any subsequent lung 
resection would not cure a patient [23].

The world was waiting for methods to better identify loco-regional progression 
and distant metastases. Hounsfield, by combining tomography images with the 
calculating power of a computer, constructed the first computed tomography (CT) 
scanner, first for brain scans only, but in 1975 he and his team built the first whole 
body scanner. The computed tomography (CT) scanner was soon to be followed 
by the magnetic resonance imaging (MRI) scanner in 1977, while the next big step 
was the combination of positron emission tomography (PET) and CT scanners in 
1991. The use of mediastinoscopy has declined after the introduction of ultrasound-
guided examinations of the mediastinum and the hilum (endo-esophageal ultra-
sound (EUS) and endo-bronchial ultrasound bronchoscopy (EBUS)), but is still 
used on a regular base when the latter techniques fall short.

2.4 The rise of minimally invasive lung surgery

For decades, postero-lateral thoracotomy has been the preferred entrance for 
most lung resections (Figure 1A). However, the price of an excellent exposure to 
the lung hilum came with high percentages of long standing post-operative pain, 
discomfort, and functional loss.

The Swedish internist Jacobeus is often positioned as the founding father of tho-
racoscopy but in fact, it was the British surgeon Francis Richard Cruse who already 
had published this technique in 1865 [24].

The first thoracoscopic resections were not immediately embraced by the surgical 
community. Ralph Lewis was the first one to publish a series of 100 lobectomies 
done thoracoscopically [25]. Lacking experience, tailor-made instruments, and 
specific endo-staplers, these resections were performed using a mass stapling 
technique. In Los Angeles, Robert McKenna worked out a standardized approach for 
video-assisted thoracic surgery (VATS) lobectomy (Figure 1B), working through the 
hilum from anterior to posterior; in 2006, he published a series of 1100 cases [26].

This provoked surgeons around the world to adapt this technique and today 
in many hospitals, it is the preferred approach for the majority of cases. In 2019, 
Eric Lim published the results of the VIOLET trial, a prospective randomized 
trial between VATS and thoracotomy in lung cancer patients. VATS showing to be 
superior with respect to major adverse events, less pain on post-operative day 2 and 
shorter median hospital stay with an equal oncological outcome (number of lymph 
nodes harvested and upstaged and R-0 resections) [27].

Studies on chronic pain (pain for which patients visit a doctor 3 months post-
operative), however, did not show a major difference in pain between thoracotomy 
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patients and VATS patients 3–6 months post-operatively [28]. Chronic pain after 
VATS is often contributed to the insult of multiple intercostal nerves by trocars 
and instruments. It has to be seen whether the explanation is that simple, however, 
it moved surgeons to search for even less invasive methods, eventually leading 
to the concept of uniportal VATS (UVATS), first proposed by Rocco in 2004 [29] 
(Figure 1C).

There is still no proof that an UVATS approach leads to less pain, discomfort, 
and loss of functionality compared with multiple port VATS.

With the idea of intercostal nerve damage in mind, surgeons have also explored 
other VATS-assisted intrathoracic pathways like subxiphoid and cervical approaches 
[30, 31]. Others are exploring a hybrid approach, combining 5 mm intercostal ports 
with a subxiphoid approach [32].

Figure 1. 
Overview of the surgical approaches for treatment of lung cancer. (A) Postero-lateral thoracotomy, (B) 3 ports, 
video-assisted thoracic surgery (VATS), (C) uniportal video-assisted thoracic surgery (UVATS), (D) robotic-
assisted thoracic surgery (RATS), and (E) endo-bronchial surgery.
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Almost parallel with the introduction and evolution of VATS, the world saw the 
introduction of robotic-assisted thoracic surgery (RATS), first published by Franca 
Melfi and her team [33] (Figure 1D).

Up till now, no significant differences have been shown in complications and 
outcome between VATS, UVATS, and RATS [34]. The major reason that the intro-
duction of RATS lagged behind in many institutions is a financial reason; it is not 
cost-efficient. In the meantime, VATS has evolutionized to three-dimensional VATS 
(3D VATS) and robotic-like instruments have become available for laparoscopic and 
VATS procedures.

2.4.1 Sub-lobar resection: the rise of segmentectomy

During the last decade, there is a growing interest in lung parenchyma-sparing 
resections. This need is more highlighted by the results of the two largest popula-
tion based national screening studies (NLST, 2011 and NELSON, 2018) showing 
that discovery and resection of early stage lung cancer through screening programs 
lead to significantly better survival of patients [35, 36]. The NLST study showed a 
reduction of 20% in lung cancer mortality for annual screening over 3 years with 
low-dose CT with a greater benefit for screening in women. The NELSON study 
showed for screening with low-dose CT, a 26% reduction of lung cancer mortality 
in high-risk men and up to 61% reduction of lung cancer mortality in high-risk 
women over a 10-year period. Nowadays, there is a trend toward sub-lobar resec-
tion as segmentectomy, making the oncological lung surgery even more challeng-
ing. Moreover, this makes the role of peri-operative diagnostic tools as fluorescent 
indocyanine green (ICG) [37], 3D-CT modalities, and (navigational) bronchoscopy 
interventions (next section, Figure 1E) indispensable. Because of its anatomical 
complexity, many surgeons hesitate to perform segmentectomy. For this reason, 
in 2012, Hiroaki Nomori and Morihito Okada published the book “Illustrated 
Anatomical Segmentectomy for Lung Cancer” which is an essential book for sur-
geons starting a segmentectomy program at their centers. In 2019, segmentectomy 
is mostly performed in countries of Eastern Asia, such as Japan, followed by few 
centers in the USA and Western Europe.

3.  Advances in thoracic imaging facilitating minimally invasive lung 
surgery: a brief outlook into the future

Over the past few decades, imaging modalities such as CT, PET-CT, and standard 
chest X-ray imaging have played a key role in the non-invasive diagnostic work-up 
of thoracic disease. In addition, these imaging modalities are an essential part of the 
preoperative planning process of thoracic surgical procedures. Even though there 
is a broad range of clinical indications for various thoracic imaging modalities and 
the information provided by all different modalities is different, the purpose of 
this section is not to undertake a comprehensive evaluation of the characteristics of 
these imaging modalities. Specifically, this section will focus on innovative preop-
erative and intraoperative imaging modalities as a surgical planning and naviga-
tion tools and provide a brief overview of new developments in medical imaging, 
especially in the context of (oncologic) pulmonary resections.

3.1 Three-dimensional computed tomography (3D-CT)

In the setting of oncologic thoracic surgery, a standard chest CT scan can be 
used to evaluate the extensiveness of disease in terms of pleural, mediastinal, chest 
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wall, or vascular involvement. In addition, the CT scan is used to study the surgical 
anatomy of the pulmonary artery (and its major branches), pulmonary vein, and 
bronchial structures when a resection of the lung parenchyma is planned. Due to 
the establishment and development of more modern multislice CT scanners, it has 
become easier to detect smaller peripheral tumors. While this has enabled more 
diagnostic accuracy, it has resulted in an increased clinical use of sublobar anatomic 
resections. Specifically, in the setting of anatomic segmental pulmonary resections, 
which are technically and anatomically more demanding and complex, there is a 
need for more accurate imaging modalities that enables better preoperative knowl-
edge of the surgical anatomy (such as bronchial and vascular anatomy in sublobar/
segmental levels). Recently, an increasing number of scientific reports have been 
published on the use of preoperative three-dimensional (3D)-CT reconstruction as 
a surgical planning tool before anatomic resection of pulmonary segments or lobes 
[38–42]. According to some of these studies, the preoperative use of 3D-CT recon-
structed images is feasible and safe and, in some cases, associated with shorter oper-
ative time due to better preoperative understanding of surgical anatomy [38, 42]. In 
order to obtain 3D-CT image reconstructions, different methods are described and 
various (free open-source) software packets are available [42–44]. However, there 
are also limitations regarding the utility of software to reconstruct 3D images of CT 
scans. For example, the identification and separation of the pulmonary artery and 
vein may be a challenging and time-consuming process. Moreover, in some cases, 
a contrast-enhanced CT scan is required to create 3D-simulations, which increases 
the risks of radiation exposure. In addition, the reconstruction commonly requires 
technical support and the assistance of radiology and information and communica-
tion technology (ICT) experts.

Oizumi et al. reported a study on the use of 3D reconstruction of multidetector 
CT (MDCT) images in order to plan and guide pulmonary segmentectomy preop-
eratively and during surgery [38]. It was noted that after the introduction of 3D-CT 
reconstruction, the number of (fairly) difficult classified segmentectomies that have 
been performed increased significantly, suggesting that preoperative 3D-CT simula-
tion contributes fairly to the efficacy of surgical planning of complex segmentecto-
mies. In addition, in a retrospective analysis of patients undergoing thoracoscopic 
segmentectomy reported by Xue et al., the authors found that when preoperative 
3D-CT reconstruction was used to make operation plans, in 19% of the cases, the 
operation plan was changed due to the results of 3D simulation [42]. The original sur-
gical plan of these cases was changed due to the expectation of an inadequate resec-
tion margin distance, based on pre-operative simulation results. This indicates that 
preoperative 3D simulation not only contributes to technical feasibility and efficacy 
of surgery, but also to the decision-making process from an oncological point of view.

Even though an increasing number of studies on the use of 3D-CT simulation are 
being published, the majority of them do not report on the differences in param-
eters of clinical outcome (such as perioperative blood loss, post-operative stay, and 
conversion rates to thoracotomy) but focus more on technical aspects and feasibility 
of 3D-simulation and surgery. However, the majority of reports do recognize the 
following advantages of preoperative 3D-simulation in the context of (sub-)lobar 
pulmonary resection: (1) classification and identification of anatomical (vascular 
and bronchial) abnormalities; (2) identification of unsuitable surgical cases for 
segmentectomy; (3) training of less experienced thoracic surgeons and surgical 
residents; (4) preoperative estimation of proper surgical resection margin; (5) a step-
wise preoperative surgical planning; and (6) intraoperative navigation for identifica-
tion of anatomical structures [38, 40–42].

3D-CT-mediated preoperative surgical planning and intraoperative guidance of 
(oncological) pulmonary surgery could contribute significantly to the development 
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of more accurate and safer (sublobar) anatomic resections. In the near future, this 
technology will become more common in thoracic surgery. However, in order to 
reach that stage, some (mostly technical) limitations need to be overcome.

3.2 Virtual reality, augmented reality, and mixed reality

Virtual reality (VR) is a technology that enables users to interact with a com-
puter-generated virtual 3D interface (Figure 2). More interestingly, in augmented 
reality (AR), the user is able to overlay aspects of the VR world within the real 
physical world. Finally, mixed reality (MR) allows users to create a hybrid physical 
and virtual world and offers the possibility to interact and analyze objects in the 
physical world by virtual projections [45, 46].

Recently, surgical intraoperative navigation as well as preoperative surgical 
simulation based on VR, MR, and AR have been developed and successfully used 
in various surgical fields including neurosurgery, liver surgery, kidney surgery, 
and orthopedic surgery [47–51]. In contrast to 2D interfaces (e.g. conventional CT 
scans), VR, MR, and AR enable not only visualization of anatomical structures 
but also allow interactive manipulation of the digital information (e.g. anatomic 
structures) provided by (wearable) computer-integrated devices (such as the 
Microsoft Hololens or the Google Glass). It has been suggested that these new 
interfaces might have the potential to benefit both the surgeon and the patient. 
For surgeons, this benefit comes by the way of improved preoperative surgical 
planning, better and more accurate intraoperative imaging guidance, and a bet-
ter preoperative awareness of anatomical abnormalities. Patients will potentially 
benefit from shorter operative time, shorter length of hospital stay, and improved 
outcomes. Additionally, AR, VR, and MR offer the possibility to simulate surgical 
situations as well as facilitating training for surgeons and residents. In the field of 
thoracic surgery, some of these modalities have been used over the past few years in 
order to train surgical residents and surgeons to master the techniques necessary for 
minimally invasive lung surgery [52].

However, only very few reports are available on the use of AR, VR, or MR for 
surgical planning or intraoperative navigation for lung surgery [53–55]. Frajhof 

Figure 2. 
An example of virtual reality application during minimally invasive lung cancer surgery in the operating 
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et al. recently published a study on the use of AR, VR, and MR technology in the 
preoperative planning of a technically demanding VATS left upper lobectomy [53]. 
In another study from Rouzé et al., augmented reality was used as a navigation tool 
in combination with cone beam CT (CBCT) to guide intraoperative localization 
of pulmonary nodules for wedge resection through VATS. The investigators firstly 
localized the lesions by CBCT intraoperatively. Subsequently, a 3D reconstruction 
of the nodule was created by using software. After this, an augmented fluoroscopic 
3D image of the pulmonary nodule was projected on a screen in front of the operat-
ing table. By this, the surgeon was able to localize the lesion intraoperatively and 
perform a wedge resection safely [54].

Interestingly, also some reports are available on the use of VR 3D reconstruction 
of the airways, known as virtual bronchoscopy, specifically used as a diagnostic aid 
tool in the assessment of airway masses and stenosis [56, 57]. Virtual bronchoscopy 
contributes fairly to the diagnostic process since it enables diagnostic maneuvers, 
such as assessing bronchial anatomy distally from stenoses, which are not possible 
with standard flexible bronchoscopy. Moreover, virtual bronchoscopy is a noninva-
sive method and does not bear any additional risks (e.g. radiation exposure or iatro-
genic airway damage) for patients. Despite these advantages, virtual bronchoscopy 
is not expected to completely replace flexible bronchoscopy due to some limitations. 
For example, tumor boundaries can be misjudged by intrabronchial secretions that 
might lead to a false-positive result. Moreover, it has shown not to be sensitive and 
effective enough for detecting small mucosal abnormalities (e.g. erythema and 
erosion), dynamic stenoses (caused by, for example, the respiratory cycle or vocal 
cords), and in differentiating mucus plugs from a mass. Finally, virtual bronchos-
copy has the limitation that it does not enable biopsies.

4.  Advances in the armamentarium of (the endo-bronchial) lung  
cancer surgery

In the past two decades, there has been an increase in the development of 
innovative technologies to facilitate more accurate, efficient, and safe (minimally 
invasive) thoracic interventions. Specifically, there have been some reports on the 
progress of innovative therapeutic modalities that approach lung cancer through 
other minimally invasive methods than direct surgery. Examples of these therapeu-
tic options are thermal ablation, including radiofrequency ablation (RFA), micro-
wave ablation (MWA), and cryoablation of malignant lung lesions. This section 
will touch on some of these developments and review some outcomes of thermal 
ablation therapy.

4.1 Thermal ablation therapy

4.1.1 Radiofrequency ablation (RFA)

Amongst various thermal ablation therapies, RFA is a well-studied method, 
especially in the treatment of liver cancer [58, 59]. Due to favorable outcomes in the 
treatment of liver cancer, specifically hepatocellular carcinoma, the application of 
this technology to malignant lesions in other organs, including the lungs, has been 
growing. RFA involves the insertion of a probe inside the affected target tissue. The 
electrode on the probe generates frictional heat that creates coagulation necrosis 
of the surrounding (tumor) lung parenchyma. In pulmonary surgery, the use of 
RFA has been reported in the treatment of various malignant lesions including 
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of more accurate and safer (sublobar) anatomic resections. In the near future, this 
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localized the lesions by CBCT intraoperatively. Subsequently, a 3D reconstruction 
of the nodule was created by using software. After this, an augmented fluoroscopic 
3D image of the pulmonary nodule was projected on a screen in front of the operat-
ing table. By this, the surgeon was able to localize the lesion intraoperatively and 
perform a wedge resection safely [54].

Interestingly, also some reports are available on the use of VR 3D reconstruction 
of the airways, known as virtual bronchoscopy, specifically used as a diagnostic aid 
tool in the assessment of airway masses and stenosis [56, 57]. Virtual bronchoscopy 
contributes fairly to the diagnostic process since it enables diagnostic maneuvers, 
such as assessing bronchial anatomy distally from stenoses, which are not possible 
with standard flexible bronchoscopy. Moreover, virtual bronchoscopy is a noninva-
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invasive) thoracic interventions. Specifically, there have been some reports on the 
progress of innovative therapeutic modalities that approach lung cancer through 
other minimally invasive methods than direct surgery. Examples of these therapeu-
tic options are thermal ablation, including radiofrequency ablation (RFA), micro-
wave ablation (MWA), and cryoablation of malignant lung lesions. This section 
will touch on some of these developments and review some outcomes of thermal 
ablation therapy.

4.1 Thermal ablation therapy

4.1.1 Radiofrequency ablation (RFA)

Amongst various thermal ablation therapies, RFA is a well-studied method, 
especially in the treatment of liver cancer [58, 59]. Due to favorable outcomes in the 
treatment of liver cancer, specifically hepatocellular carcinoma, the application of 
this technology to malignant lesions in other organs, including the lungs, has been 
growing. RFA involves the insertion of a probe inside the affected target tissue. The 
electrode on the probe generates frictional heat that creates coagulation necrosis 
of the surrounding (tumor) lung parenchyma. In pulmonary surgery, the use of 
RFA has been reported in the treatment of various malignant lesions including 
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inoperable lung cancer [60–62], primary or metastatic pulmonary tumors of less 
than 3.5 cm in size [63], and stage I-4 non-small cellular lung cancer (NSCLC) not 
eligible for surgery [64–67]. Results from retrospective studies on RFA of primary 
malignant lung lesions have suggested reasonable overall 1-year survival rates 
ranging from 78 to 94% in patients with early stage lung cancer [66, 68–70]. A 
5-year survival rates have been reported to be significantly lower and in the range 
of 25–58% [66, 71, 72]. Important prognostic factors in RFA therapy of lung cancer, 
in terms of survival, are the additional use of targeted systemic therapies, lesions 
less than 3 cm (diameter), a Charlson comorbidity index (an index of associated 
comorbidities) >5, and lower stage disease [66, 73].

A major drawback of RFA therapy compared with surgical resection is the poor 
results of local progression control [74]. This limitation might be explained by the 
fact that in RFA therapy no systematic lymph node dissection is carried out and, 
additionally, no good method exists to check for local adequate treatment margins. 
With regard to complications, pneumothorax is one of the most common complica-
tions associated with RFA. However, it is most often (>80%) treated conservatively 
without the need for chest tube drainage [75]. In addition, pleural effusion might 
develop after RFA, however, similar to pneumothorax, does not often (<5%) require 
intervention [75]. In summary, RFA therapy seems an effective and relatively safe 
intervention for treating lung cancer, however, a careful patient selection is neces-
sary. Moreover, more future long-term and large randomized controlled trials are 
necessary to compare the clinical outcomes between RFA, surgical resection, and 
other modalities of thermal ablation therapy.

4.1.2 Microwave ablation (MWA)

MWA involves hyperthermia-mediated ablation of tissue by causing friction 
between water molecules in the target tissue. By creating a dipole excitation, 
hyperthermia is generated and coagulation necrosis results in the lesion and 
surrounding tissue [76, 77]. The placement of the probes is commonly guided by 
CT/CT-fluoroscopy. MWA has been successfully used to create larger ablation 
zones than RFA. Compared with RFA, MWA technology is thought to be more 
effective in creating larger zones of coagulation necrosis due to the elimination 
of heat loss through heat sink (the loss of heat through blood flow inside the 
target tissue) [76].

Studies and long-term data after MWA as a thermal ablation modality are 
limited when compared with RFA. In a recent review, Yuan and colleagues reported 
a meta-analysis of clinical outcomes after RFA and MWA for primary and meta-
static pulmonary malignancies [75]. The authors identified 11 studies based on 
MWA compared with 42 studies based on RFA therapy, all with a retrospective 
study design. In this meta-analysis, it was demonstrated that RFA seems to be 
superior to MWA with regard to overall survival (up to 5 years) for both primary 
and metastatic pulmonary malignancies. However, the authors note that the results 
of lung metastasis should be interpreted carefully, since small groups of patients 
were included in the analysis based on only a few retrospective studies. With regard 
to local tumor progression free survival, RFA and MWA showed similar results. In 
addition, similar to RFA, MWA is a relatively safe intervention which is not associ-
ated with high complication rates. Yuan et al. reported comparable rates of pneu-
mothorax and pleural effusion after ablation by MWA and RFA [75]. Concerning 
prognostic factors negatively affecting survival and local tumor progression 
control, more advanced disease stage, tumors >3 cm (diameter), and emphysema-
tous lungs have been identified [78].
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4.1.3 Cryoablation

An opposite method of hyperthermia induced ablation, termed cryoablation, 
creates protein denaturation, ischemia, cell rupture, and necrosis through local 
hypothermia (temperatures < −40°C) [79]. In this technique, compressed argon 
gas is used to create freezing temperatures that induce local injury to the tissue. 
Subsequently, helium is used to thaw the tissue. Comparable to MWA, in cryoabla-
tion, multiple probes can be used to increase the ablation area in the tissue and 
placement under the guidance of CT/CT-fluoroscopy. Although cryosurgery is a 
relatively old ablative technique, use of cryoablation in the context of lung cancer 
and long-term studies are limited. Besides percutaneous cryoablation, other meth-
ods of cryoablative strategies are endo-bronchial (for obstructive intrabronchial 
tumors) (Figure 1E) and intrathoracic (during surgery). Specific indications for 
each modality have been reviewed by Niu and colleagues and are beyond the scope 
of this chapter [80].

Since thermal ablation therapies are commonly reserved for patients not eligible 
for curative surgery, tumor recurrence after radiotherapy or patients who refuse 
surgery, even though they have resectable lesions, cryoablation is often offered as 
a therapy to palliate symptoms or to increase survival in advanced disease stage. 
Consequently, a number of reports have been published on the use of cryoablation 
for the treatment of medically inoperable NSCLC, advanced stages of NSCLC, and 
for pulmonary metastasis [80–84]. Niu et al. reported on a series of 840 patients 
with NSCLC who received percutaneous cryoablative therapy for various stages of 
NSCLC ranging from IIa to IV. The reported overall survival was 68, 52, 34, 26, and 
17% for 1-, 2-, 3-, 4-, and 5-year, respectively. Local and peripheral recurrence rates 
were 28.3 and 47.2%, respectively, after a median follow-up of 34 months (range 
4–63 months). For patients with less advanced NSCLC, better outcome is reported 
in terms of overall survival. In 2012, Yamauchi et al. demonstrated a 2-year overall 
survival of 88% in medically inoperable patients with stage I NSCLC who were 
treated with percutaneous cryoablation [84]. In addition, Moore and colleagues 
published a study in which an overall survival rate of 67.8% was reported in patients 
with stage I NSCLC after 5 years [82].

Regarding cryoablation therapy in metastatic lung lesions, studies have 
also proven the efficacy and safety of percutaneous cryoablation. For example, 
Yamauchi et al. reported a 3-year progression free survival rate of 59% for patients 
with metastatic colorectal carcinoma treated with cryoablation [85]. Factors associ-
ated with local tumor progression or poor prognosis have been studied by multi-
variate analyses. Interestingly, most of these factors (e.g. tumor size <3 cm and stage 
of disease) are comparable to the factors in other modalities of thermal ablation 
[78, 80]. Regarding the safety profile of cryoablation compared with other modali-
ties of thermal ablation, comparable rates of pneumothorax and pleural effusion 
are reported in the literature [77, 80]. However, incidental reports of transient 
recurrent laryngeal nerve neuropraxia have also been documented [86].

5. Conclusions

Until the late nineteenth century, the inside of the chest cavity was a no-go area 
for complex surgical interventions. The world still was not ready yet for primary lung 
resections. To make the lung surgery possible, several giant steps were undertaken: 
the introduction of aseptic concept by Joseph Lister in 1867, the discovery of X-ray by 
William Konrad Rontgen in 1895, and the introduction of positive pressure ventilation 
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without the need for chest tube drainage [75]. In addition, pleural effusion might 
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by Meltzer and Auer in 1909. With the lung cancer epidemic after World War I, the 
number of patients with potentially resectable lung cancer increased significantly. 
Surgeons around the world were debating on the preferable resection (lobectomy vs. 
pneumonectomy) and the best surgical technique: mass hilar ligation versus anatomi-
cal dissection. While the first report on lobectomy for lung cancer in 1932, it took 
almost 30 years to report that lobectomy was the preferred resection for lung cancer 
surgery. In the same period, the anatomical dissection technique gained wider applica-
tion. This all together with the discovery of double lumen endo-tracheal tube by 
Carlens in 1949 paved the way for modern lung resection techniques. The introduction 
of diagnostic tools as CT, MRI, PET-CT, and later EUS and EBUS facilitated even bet-
ter tumor localization and mediastinal evaluation decreasing the surgical mortality.

The next major challenge was decreasing the morbidity of thoracotomy: high 
percentages of long standing post-operative pain, discomfort, and functional loss. 
The solution led to the development of modern minimally invasive lung surgery. In 
2006, Robert McKenna published a standardized approach for VATS lobectomy in 
a series of 1100 cases leading to global adaptation of VATS for lung surgery. While 
VATS showing to be superior with respect to major adverse events, less pain on 
post-operative day 2 and shorter median hospital stay with an equal oncological 
outcome, studies on chronic pain, however, did not show a major difference in pain 
between thoracotomy and VATS. This moved surgeons to search for even less inva-
sive methods, eventually leading to the concept of uniportal VATS, first proposed 
by Rocco in 2004, subxiphoid and cervical approaches, and hybrid approach com-
bining 5 mm intercostal ports with a subxiphoid approach. At the same time, the 
world witnessed the introduction of RATS by Franca Melfi and her team, however, 
because of the financial reasons, the introduction of RATS in many centers lagged 
behind. In the meantime, VATS has evolutionized to 3D-VATS and robotic like 
instruments have become available for laparoscopic and VATS procedures. Whether 
all these approaches will lead to reduction of chronic pain is yet to be determined.

The results of major screening programs have shifted the trend of lung resec-
tion toward sub-lobar resection as segmentectomy, making the lung surgery even 
more challenging. Moreover, this makes the role of peri-operative imaging tools 
as fluorescent indocyanine green (ICG), 3D-CT modalities, and (navigational) 
bronchoscopy interventions indispensable.

The upcoming VR, AR, and MR enable a more naturalistic 3D presentation of 
human anatomy in a digital interface. As a diagnostic tool, it can provide physicians 
with a more realistic view of the patient’s anatomy and might enable diagnostic 
assessment, preoperative surgical planning, and intraoperative guidance. In addi-
tion, it can provide training and learning platform for students, residents, and sur-
geons. It has already proven its added value for a broad range of surgical procedures; 
however, AR/VR/MR has not been used widely in thoracic surgery yet. Considering 
the speed of development of this technology in other areas, it is expected that it will 
make its way into the world of thoracic surgery in the near future. In this perspec-
tive, hybrid operating theaters including 3D-CT and (robotic-assisted) navigational 
bronchoscopy tools are already on their way. To address this, however, it is essential 
that thoracic surgeons have an active and open attitude toward the introduction of 
innovative (digital) applications.

With respect to endo-bronchial interventions, thermal ablation therapy seems 
to provide an efficacious and safe alternative for surgical therapy of lung cancer 
and lung cancer metastasis. However, patient’s selection should be carried out 
with caution and should be personalized for each patient based on type of cancer 
(e.g. NSCLC), comorbidities, tumor size, and disease stage. Specifically, thermal 
ablation therapy could offer a palliative or even a life-prolonging treatment option 
for non-surgical candidates. Hopefully future long-term and larger prospective 

111

The Realm of Oncological Lung Surgery: From Past to Present and Future Perspectives
DOI: http://dx.doi.org/10.5772/intechopen.90658

(randomized controlled) trials will answer the remaining questions. For example, 
it will be necessary to study the impact of combining thermal ablation therapy with 
other conventional (e.g. systemic or radiotherapy) therapies for the treatment of 
lung cancer. In addition, more data are warranted on the determination of the best 
therapy for incomplete ablations and/or local recurrence of disease. More interest-
ingly, biomarkers or novel imaging techniques to follow-up on ablative therapies are 
also required, especially since the radiological follow-up of recently ablated lung 
tissue is very challenging. More data and confirmation of these data are therefore 
necessary and need to be generated by future multicenter trials.

To conclude, this chapter provides a historical overview and a summary of 
state-of-the-art surgical techniques in the treatment of lung cancer today. The 
journey of lung surgery was and is a very challenging one, with major hurdles to 
overcome. It departed from a “no-go” era, leaving behind the golden standard 
of pneumonectomy and thoracotomy, to arrive in the current era of minimally 
invasive and robotic-assisted surgery. The journey continues toward the horizon of 
non-intubated operations, sub-lobar resections, virtual reality imaging modalities, 
navigational bronchoscopy interventions, and hybrid procedures. We are heading 
toward the era of incisionless, natural orifice surgery: an almost science fiction 
vision, yet nothing is more real.

Acknowledgements

The contribution of Egied Simons (Simons Productions, Mathenesserdijk 
236A, 3026 GL, Rotterdam, The Netherlands) and Chris Hordijk (Medical VR, 
van Eeghenstraat 98, 1071JL, Amsterdam, The Netherlands) in generating the 
figures is highly appreciated. We would like to thank Dr. F. Incekara (Departments 
of Neurosurgery and Radiology, Erasmus Medical Center, Rotterdam, The 
Netherlands) for his helpful advice.

Abbreviations

VATS video-assisted thoracic surgery
UVATS uniportal video-assisted thoracic surgery
RATS robotic-assisted thoracic surgery
3D three-dimensional
CT computed tomography scanner
AATS American Association for Thoracic Surgery
MRI magnetic resonance imaging scanner
PET positron emission tomography
EUS endo-esophageal ultrasound
EBUS endo-bronchial ultrasound bronchoscopy
ICG indocyanine green
ICT information and communication technology
MDCT multidetector computed tomography
VR virtual reality
AR augmented reality
MR mixed reality
CBCT cone beam computed tomography
RFA radiofrequency ablation
MWA microwave ablation
NSCLC non-small cellular lung cancer



Update in Respiratory Diseases

110

by Meltzer and Auer in 1909. With the lung cancer epidemic after World War I, the 
number of patients with potentially resectable lung cancer increased significantly. 
Surgeons around the world were debating on the preferable resection (lobectomy vs. 
pneumonectomy) and the best surgical technique: mass hilar ligation versus anatomi-
cal dissection. While the first report on lobectomy for lung cancer in 1932, it took 
almost 30 years to report that lobectomy was the preferred resection for lung cancer 
surgery. In the same period, the anatomical dissection technique gained wider applica-
tion. This all together with the discovery of double lumen endo-tracheal tube by 
Carlens in 1949 paved the way for modern lung resection techniques. The introduction 
of diagnostic tools as CT, MRI, PET-CT, and later EUS and EBUS facilitated even bet-
ter tumor localization and mediastinal evaluation decreasing the surgical mortality.

The next major challenge was decreasing the morbidity of thoracotomy: high 
percentages of long standing post-operative pain, discomfort, and functional loss. 
The solution led to the development of modern minimally invasive lung surgery. In 
2006, Robert McKenna published a standardized approach for VATS lobectomy in 
a series of 1100 cases leading to global adaptation of VATS for lung surgery. While 
VATS showing to be superior with respect to major adverse events, less pain on 
post-operative day 2 and shorter median hospital stay with an equal oncological 
outcome, studies on chronic pain, however, did not show a major difference in pain 
between thoracotomy and VATS. This moved surgeons to search for even less inva-
sive methods, eventually leading to the concept of uniportal VATS, first proposed 
by Rocco in 2004, subxiphoid and cervical approaches, and hybrid approach com-
bining 5 mm intercostal ports with a subxiphoid approach. At the same time, the 
world witnessed the introduction of RATS by Franca Melfi and her team, however, 
because of the financial reasons, the introduction of RATS in many centers lagged 
behind. In the meantime, VATS has evolutionized to 3D-VATS and robotic like 
instruments have become available for laparoscopic and VATS procedures. Whether 
all these approaches will lead to reduction of chronic pain is yet to be determined.

The results of major screening programs have shifted the trend of lung resec-
tion toward sub-lobar resection as segmentectomy, making the lung surgery even 
more challenging. Moreover, this makes the role of peri-operative imaging tools 
as fluorescent indocyanine green (ICG), 3D-CT modalities, and (navigational) 
bronchoscopy interventions indispensable.

The upcoming VR, AR, and MR enable a more naturalistic 3D presentation of 
human anatomy in a digital interface. As a diagnostic tool, it can provide physicians 
with a more realistic view of the patient’s anatomy and might enable diagnostic 
assessment, preoperative surgical planning, and intraoperative guidance. In addi-
tion, it can provide training and learning platform for students, residents, and sur-
geons. It has already proven its added value for a broad range of surgical procedures; 
however, AR/VR/MR has not been used widely in thoracic surgery yet. Considering 
the speed of development of this technology in other areas, it is expected that it will 
make its way into the world of thoracic surgery in the near future. In this perspec-
tive, hybrid operating theaters including 3D-CT and (robotic-assisted) navigational 
bronchoscopy tools are already on their way. To address this, however, it is essential 
that thoracic surgeons have an active and open attitude toward the introduction of 
innovative (digital) applications.

With respect to endo-bronchial interventions, thermal ablation therapy seems 
to provide an efficacious and safe alternative for surgical therapy of lung cancer 
and lung cancer metastasis. However, patient’s selection should be carried out 
with caution and should be personalized for each patient based on type of cancer 
(e.g. NSCLC), comorbidities, tumor size, and disease stage. Specifically, thermal 
ablation therapy could offer a palliative or even a life-prolonging treatment option 
for non-surgical candidates. Hopefully future long-term and larger prospective 
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(randomized controlled) trials will answer the remaining questions. For example, 
it will be necessary to study the impact of combining thermal ablation therapy with 
other conventional (e.g. systemic or radiotherapy) therapies for the treatment of 
lung cancer. In addition, more data are warranted on the determination of the best 
therapy for incomplete ablations and/or local recurrence of disease. More interest-
ingly, biomarkers or novel imaging techniques to follow-up on ablative therapies are 
also required, especially since the radiological follow-up of recently ablated lung 
tissue is very challenging. More data and confirmation of these data are therefore 
necessary and need to be generated by future multicenter trials.

To conclude, this chapter provides a historical overview and a summary of 
state-of-the-art surgical techniques in the treatment of lung cancer today. The 
journey of lung surgery was and is a very challenging one, with major hurdles to 
overcome. It departed from a “no-go” era, leaving behind the golden standard 
of pneumonectomy and thoracotomy, to arrive in the current era of minimally 
invasive and robotic-assisted surgery. The journey continues toward the horizon of 
non-intubated operations, sub-lobar resections, virtual reality imaging modalities, 
navigational bronchoscopy interventions, and hybrid procedures. We are heading 
toward the era of incisionless, natural orifice surgery: an almost science fiction 
vision, yet nothing is more real.
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Advances in Minimally Invasive 
Surgery for Lung Cancer
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Abstract

Over the last 25 years, improvement in instrumentation and surgical techniques 
has led to widespread adaptation of thoracoscopic (VATS) surgery in the field of 
thoracic oncology. What once was a niche operation like VATS wedge resection 
to now hybrid VATS chest wall resections, and advanced surgeries like broncho-
plasty and sleeve resections are done with VATS. This has led to improved surgical 
outcomes for our patients and increased use of surgery in the treatment of chest 
disease. We review the history of VATS and its current state with most recent 
changes and upgrades in the technique in this chapter. We review the advancement 
in uniportal VATS, robotic assisted resection, complex VATS resection, and awake 
lung surgery with VATS.

Keywords: VATS, uniportal, robotics, awake VATS, hybrid resections

1. History of thoracoscopy

While the modern era of thoracoscopy begins in the early 1990s and includes 
Giancarlo Roviaro’s report of the first thoracoscopic lobectomy as a major milestone 
[1], the term thoracoscopy dates back to a procedure performed by Francis Richard 
Cruise and Samuel Gordon in 1865 [2]. Using a device similar to the “Leichtleiter” 
used by Bozzini with a light source improved by Antonin Jean Desormeaux, Cruise 
examined the pleural space of an 11 years old suffering from an empyema and a 
pleurocutaneous fistula. Several years later, in 1882, coincidentally the year Robert 
Koch discovered Mycobacterium tuberculosis [3], Carlo Forlanini observed that spon-
taneous pneumothorax could collapse cavitary lesions and lead to their resolution 
[4]. From this observation, he introduced a procedure of inducing artificial closed 
pneumothoraces by inserting a needle in the anterior axillary line and forcing air 
into the pleural space, the first minimally invasive thoracic procedure.

Though he is considered by many to be the father of thoracoscopy, Hans 
Christian Jacobeus published his eponymous Jacobeus Operation in 1910; this 
operation involved inducing pneumothorax, inserting a thoracoscope through 
one incision, and introducing an galvanocautery instrument in through a separate 
incision for the purpose of releasing adhesions to allow the lung collapse to treat 
pulmonary tuberculosis [5]. Subsequently, antibiotics, improved anesthetics, and 
intraoperative oxygen delivery, thoracoscopy was neglected as a therapeutic option 
for most of the twentieth century until the modern era.

Attributed in large part to fiber optics for light transmission, enhanced image 
processing and rendering, and the advent of the surgical staplers, interest in VATS 
was piqued. The classic three-port technique focused the camera from hip-to-head 
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[4]. From this observation, he introduced a procedure of inducing artificial closed 
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Though he is considered by many to be the father of thoracoscopy, Hans 
Christian Jacobeus published his eponymous Jacobeus Operation in 1910; this 
operation involved inducing pneumothorax, inserting a thoracoscope through 
one incision, and introducing an galvanocautery instrument in through a separate 
incision for the purpose of releasing adhesions to allow the lung collapse to treat 
pulmonary tuberculosis [5]. Subsequently, antibiotics, improved anesthetics, and 
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Attributed in large part to fiber optics for light transmission, enhanced image 
processing and rendering, and the advent of the surgical staplers, interest in VATS 
was piqued. The classic three-port technique focused the camera from hip-to-head 
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while increased experience determined that a modified approach should focus 
from umbilicus-to-shoulder. Aside from traditional three-port VATS technique, 
some procedures, including thoracic sympathectomy, have been performed via 
needlescopic VATS as well as two-port and uniportal VATS. Additionally, robotic 
assisted thoracic surgery (RATS) can serve a role in thoracic surgery, particularly 
for mediastinal procedures. Each of these different techniques has the potential to 
serve an important role as part of the thoracic surgeon’s armamentarium [6].

2. VATS lobectomy

As mentioned in the previous section, Roviaro reported the first VATS lobec-
tomy in 1991. However, in 1993, only 2% of the cases reported by the Video 
Assisted Study Group were VATS lobectomies while 49% were wedge resections. 
As reports continued to show the feasibility of VATS lobectomies as well as possible 
advantages, familiarity with the procedure improved technique. Even so, skepti-
cism remained for the use of VATS for the treatment of non-small cell lung cancer 
(NSCLC). The results of a randomized control trial by Kirby et al. [7] failed to 
demonstrate the superiority of VATS though it also failed to demonstrate inferiority. 
In this study, 30 patients were randomized to the traditional muscle-sparing thora-
cotomy while 24 were put into the VATS group. No difference was found between 
the duration of chest tube drainage, hospital length of stay, pain score, or time prior 
to returning to work. The study specifically expressed concerns about the adequacy 
of lymph node dissection for an operation intended for malignancy.

McKenna et al. reviewed 298 cases of patients that underwent VATS lobectomy 
and lymph node dissection for NSCLC with the intent of determining adequacy of 
resection [8]. Their multi-institutional review included patients with stage I to IIIA 
and featured a 6% conversion rate with a single report of an incisional recurrence. 
In this study, the survival rate at 4 years for patients with stage I disease was 70%. 
Comparatively, Li and Wang [9] retrospectively evaluated outcomes for 76 patients 
that underwent lobectomies with lymph node dissection via VATS or thoracotomy 
for clinical N0 disease that was discovered to be pathologic N2 NSCLC. In their 
study, the number of lymph nodes recovered and the number of stations sampled 
were similar. The survival and disease-free survival rates are presented in Table 1. 
In addition to these reported survival and disease-free survival rates, VATS patients 
had shorter operative times and less blood loss.

A subsequent larger study was performed by Onaitis et al. [10] on VATS lobec-
tomies for benign and malignant disease including 500 patients. Of these lobec-
tomies, 83.2% were performed for NSCLC with an overall conversion rate of 1.6% 
(8 of 500). The pathologic stage of the patients included in this study were stage I 
(55.3%), stage II (9.6%) and stage III or greater (10.6%). The overall 2-year survival 
rate in the patients with stage I NSCLC and stage II was comparable to those under-
going thoracotomy (85% vs. 77%). Additionally, perioperative mortality for benign 
pathologies was 0% while it was 1% for malignant pathologies.

1-year disease-free 
survival

3-year disease-free 
survival

1-year 
survival

3-year 
survival

VATS 82.6% 49.3% 84.9% 64.0%

Thoracotomy 72.0% 51.3% 71.2% 42.7%

Table 1. 
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Whitson et al. [11] analyzed 147 patients who underwent lobectomies for stage I 
NSCLC (59 by VATS and 88 by thoracotomy). In this particular study, patients who 
underwent thoracotomy had a larger yield of nodes and shorter time in the ICU, 
potentially because of the additional comorbidities reported in the VATS patients. 
However, no significant differences were found in operative times, length of hospi-
tal stay, or median survival.

3. Long-term outcomes of VATS lobectomy for NSCLC

To justify the continued use of VATS for lobectomies as treatment for NSCLC, 
data continues to be collected and reported by many groups. Multi-institutional 
experience of 145 patients with clinical stage IA NSCLC less than or equal to 2 
cm was reported by Shigemura et al. [12]. For this study, three approaches were 
utilized: complete thoracoscopic technique without any rib spreading, assisted 
VATS, which included VATS with a mini-thoracotomy and open thoractomy. 
The overall 5-year survival rates did not differ significantly between techniques 
(VATS—96.7%, assisted VATS—95.2%, and open—97.2%). Higuchi et al. [13] 
also reported their experience of 160 patients with stage IA NSCLC with patients 
who underwent VATS lobectomy and open thoracotomy. The reported 5-year 
disease-free survival was equivalent with 88% in the VATS group and 77.1% in the 
thoracotomy group. The 5-year overall survival for pathologic stage IA NSCLC 
was 94.8% in the VATS group and 96.2% in the thoracotomy group, showing no 
statistical difference in survival. Lee et al. [14] performed a retrospective review 
of patients who underwent lobectomy for NSCLC, from their institution using 
propensity-matched scores in 416 patients. The review included clinical stage I 
to III with the majority being stage IA. The 3- and 5-year overall survival for 
the patients with clinical stage IA who underwent VATS lobectomy were 87.4 
and 76.5%, respectively, and 81.6 and 77.5% for thoracotomy. Their analysis also 
showed no inferiority of VATS lobectomy for early stage NSCLC. Murakawa et al. 
[15] also evaluated survival outcomes in patients with early stage NSCLC and 
found VATS and open thoracotomy to be equivalent. Yang et al. [16] queried the 
national cancer database to evaluate the national survival outcomes following 
VATS versus open lobectomy for stage I NSCLC. After propensity score matching 
2928 patients were included in the final analysis. In the matched patients there was 
no difference in 5-year survival between VATS and open thoracotomy, 66.3 and 
65.8%, respectively. Data published by Flores et al. [17], which included intent to 
treat analysis in 741 patients (398 VATS and 343 open thoracotomy) demonstrating 
similar 5 year survival. The majority of their patients treated with lobectomy were 
clinical stage IA and demonstrated 79% 5-year survival in the VATS group and 75% 
in the open thoracotomy group (Table 2).

Reference Year # of patients VATS Open

Shigemura et al. [12] 2006 145 96.7% 97.2%

Flores et al. [17] 2009 741 79% 75%

Higuchi et al. [13] 2014 160 94.8% 96.2%

Lee et al. [14] 2013 416 76.5% 77.5%

Yang et al. [18] 2017 2928 66.3% 65.8%

Table 2. 
Five-year overall survival.
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4. Mediastinal lymph node dissection (MLND) via VATS

An essential component of each complete pulmonary resection for NSCLC is 
an adequate mediastinal lymph node dissection (MLND). With the advent of VATS 
lobectomy particularly for NSCLC, the efficacy of a VATS MLND has been evalu-
ated in comparison to MLND via thoracotomy. The National Comprehensive Cancer 
Network’s (NCCN) NSCLC Database was evaluated by D’Amico et al. [19] to com-
pare VATS MLND to MLND via thoracotomy. The number of lymph node stations 
evaluated by both techniques was at least 3 and the number of N2 nodes evaluated 
by both techniques was not significantly different. A single institution randomized 
control trial reported by Palade et al. [20] included 66 patients with stage 1 NSCLC. 
In this study, there was no statistically significant difference in the overall number 
of lymph nodes sampled or the number of lymph nodes in each station. Because 
VATS MLND has comparable efficacy to open dissection, adequate lymph node 
dissection can be performed thoracoscopically.

5. Clinical advantages of VATS lobectomy vs. thoracotomy

Multiple studies have documented several advantages of VATS lobectomies 
including improved quality of life, decreased postoperative pain, and shorter hos-
pital stays. A retrospective study by Villazmizar et al. [21] evaluated 1097 patients 
that underwent lobectomies with 697 lobectomies via VATS and 382 lobectomies 
via thoracotomy. In reviewing these cases, the incidence of postoperative compli-
cations, including atrial fibrillation, atelectasis, prolonged air leak, transfusion 
requirements, pneumonia, renal failure death, and shorter hospital stay, were 
all found to be less common in the VATS lobectomy group. Paul et al. [22] found 
similar results in evaluating the STS database and reviewing 6323 lobectomies, 
5024 via thoracotomy and 1281 via VATS. Propensity matched analysis of these 
cases found that 73% of VATS patients experienced no complications while 65.3% 
of thoracotomy patients had no complications. Furthermore, patients undergoing 
VATS lobectomy in this review had a lower incidence of arrhythmias, reintubations, 
and blood transfusion as well as shorter duration of chest tube drainage and length 
of stay.

Predictably, patients requiring pulmonary resections for management of NSCLC 
often suffer from decreased pulmonary function, which makes them high risk. 
Because VATS has reduced the risks associated with lobectomy, patients previ-
ously considered prohibitive risks are potentially resectable. Donahoe et al. [23] 
evaluated a cohort of 608 patients (including 72 high risk and 536 standard risk) 
that underwent lobectomy for NSCLC. For those patients who underwent a VATS 
lobectomy, there was no difference in complication rate or overall survival between 
high risk and standard risk patients. Another study by Bertani et al. [24] found that 
VATS lobectomy patients with reduced preoperative FEV1 had similar outcomes as 
those with normal preoperative FEV1, despite a longer hospital stay. Patient with a 
predicted postoperative FEV1% of less than 60% had an average length of stay of 
8.7 days while those with a predicted postoperative FEV1% of greater than 60% was 
6.8 days (8.7 vs. 6.8 days, p = 0.05) (Table 3).

In light of these advantages, it is important to establish not only efficacy but 
cost effectiveness as a measure of quality. Swanson et al. [25] evaluated the costs of 
open versus VATS lobectomy for 3961. In this study, patients who underwent a VATS 
lobectomy had a shorter length of stay, less adverse events, and cost the hospital less 
than an open lobectomy.
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6. Clinical advantages of VATS lobectomy vs. thoracotomy

As a direct result of the advantages and similar survival rates for patients after 
VATS lobectomy for NSCLC, many institutions have adopted this surgical approach. 
In addition to VATS lobectomies, other anatomic resections have been performed 
via VATS.

Recent data have indicated that an anatomic segmentectomy can be considered 
an acceptable operation to obtain an R0 resection for small stage I NSCLC lesions. 
In a study reviewing 225 anatomic segmentectomies by Schuchert et al. [26], VATS 
segmentectomies were compared to those performed via thoracotomy demonstrating 
similar overall mortality, complications, recurrence rates, and overall survival.

Liu et al. [27] difference was seen in transfusion rates, number of lymph nodes 
dissected, estimated blood loss, duration of chest tube drainage, overall complica-
tion rates, or length of hospital stay. Operative time was longer in the VATS group 
while postoperative mean pain scores were higher in the higher in the thoracotomy 
group. From their data, they conclude that VATS pneumonectomy is a safe tech-
nique for either benign or malignant disease.

7. Development of single port VATS

The first description of single port VATS by Rocco et al. [28] was published in 2004. 
Initially used for diagnosis or treatment of primary spontaneous pneumothorax, 
the uses of single port VATS expanded to include management of pleural effusions, 
nonanatomic wedge resections, and diagnostic thoracoscopy for lung cancer during 
this study’s 10 year experience. The conversion rate to a 2 or 3 port VATS or mini thora-
cotomy was 3.7%. Xie et al. [29] reported their single-institution experience of single 
port VATS in 1063 cases with a conversion rate of 4.6%. Institutional data reported by 
Shih et al. [30] comparing single port VATS to multiport VATS for anatomic segmen-
tectomies in treating primary lung cancer indicated similar operative outcomes in the 
two propensity matched groups.

Single port VATS has been evaluated for safety and efficacy in the treatment of 
NSCLC. Comparing VATS and single port VATS lobectomy patients, Dai et al. [31] 
reported that single port VATS patients reported a higher satisfaction score, less 

Ppo 
FEV1%

n Grade I Grade II Grade 
IIIa

Grade 
IIIb

p-value† LOS, Mean 
(±SD)

p-value‡

<40% 2 0 (—) 1 (100.00) 0 (—) 0 (—) n.s 5.90 (±2.23) n.s

≥40% 98 22 (45.83) 24 (50.00) 1 (2.08) 1 (2.08) 7.18 (±3.83)

<50% 4 1 (50.00) 1 (50.00) 0 (—) 0 (—) n.s 9.18 (±6.31) n.s

≥50% 96 21 (44.68) 24 (51.06) 1 (2.13) 1 (2.13) 7.10 (±3.72)

<60% 18 4 (40.00) 4 (40.00) 1 (10.00) 1 (10.00) 0.067 8.74 (±4.79) 0.05

≥60% 82 18 (46.15) 21 (53.85) 0 (—) 0 (—) 6.80 (±3.52)

LOS, overall hospital length of stay; n.s., not significant; ppo-FEV1, predicted postoperative forced expiratory 
volume in 1 s; SD, standard deviation.
†Fisher’s exact test.
‡t-test with equal or unequal variance.

Table 3. 
Complications of patients undergoing video-assisted thoracic surgery lobectomy based on different ppo-FEV1 
cut-offs [24].
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postoperative pain, and less blood loss. Fan et al. [32] reported a similar operative 
time and number of lymph nodes dissected in both single port VATS and open 
lobectomies for locally advanced NSCLC. In this study, single port patients had a 
shorter period of chest tube drainage and length of hospital stay but a higher com-
plication rate than thoracotomy. The complications studied included prolonged air 
leak, atrial fibrillation, bleeding, pneumonia, bronchopleural fistula, chylothorax, 
death, and 30-day mortality. However, neither study reported data on recurrence 
rates of overall survival.

8. Development of robotic-assisted VATS

With data indicating that VATS is safe and efficacious for the resection of 
NSCLC as well as having a variety of advantages over open surgery, it has been 
established as the preferred technique. However, with the availability of the robotic 
assistance, techniques for robotic procedures have been developed and examined. 
Utilizing three robotic ports as well as an assistance port, Melfi et al. [33] reported 
their early experience using the Da Vinci platform, describing lobectomies, enucle-
ations, excisions, and bulla stitching. Single institution experiences have reported 
safety and shown similar outcomes in robotic resection when compared to VATS 
with improvement in postoperative pain. Other experiences with larger cohorts 
found higher incidence of operative injury, and bleeding compared to VATS. 
Robotic-assisted operations are also significantly more costly [34]. Park et al. [35] 
reported the long-term oncologic outcomes from three institutions and found them 
to be similar to VATS lobectomies.

Rajaram et al. [36] evaluated the use of robotic surgery for stage I to IIa NSCLC 
in the National Cancer Database from 2010 to 2012. They found 62,206 patients 
who underwent lobectomies including the open (n = 45,427), VATS (n = 12,990), 
and robotic (n = 3689) techniques. They found that the over the two-year period the 
use of the robotic lobectomy technique increased by 6%. Patients who underwent a 
robotic lobectomy had a lower length of stay compared to open lobectomy but had 
a higher rate of prolonged length of stay compared to VATS. The number of lymph 
nodes examined was significantly higher in the VATS group compared to robotic, 
with no difference in number of lymph nodes in the robotic and open groups. 
The resection status, margin positivity, was comparable between all groups. The 
evaluation of this data and the known increase in cost for the robotic technique did 
not show any potential advantages to the use of robotic surgery for a lobectomy 
compared to VATS. With the use of robotic techniques in treatment for NSCLC, 
early outcomes have been evaluated. Mungo et al. [37] found no negative effect on 
outcomes in patients who underwent robotic resection.

Park et al. [38] reported long-term outcomes to be similar in robotic assisted 
lobectomies compared to VATS and open thoracotomy. Yang et al. [18] compared 
the use of robotic, VATS, and open thoracotomy in patients treated with lobectomy 
for stage I NSCLC. An advantage of the robotic approach they report is a higher 
number of mediastinal lymph node stations dissected compared to the other 
techniques. The patients treated with the minimally invasive approach, robotic 
and VATS, had shorter hospital stays. The long term outcomes were similar in all 
the groups with 5 year overall survival reported for robotic, VATS and open thora-
cotomy as 77.6%, 73.5%, and 77.9%, respectively.

Cerfolio et al. [39] demonstrated the efficacy of robotic segmentectomies. 
For 100 planned robotic segmentectomies, 7 converted to lobectomies though 
every case was completed robotically. In this cohort, there were no mortalities 
at 30 or 90 days. Only 2 patients suffered major morbidity, each of which were 
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postoperative pneumonias. Of the 79 patients that underwent robotic segmentec-
tomy, there were only 3 recurrences (3.4%) with median follow up of 30 months 
while overall survival was 95%.

9. Development of awake VATS

Optimal visualization for a VATS is typically achieved with general anesthesia 
for double lumen tube intubation. However, awake VATS under regional anesthesia 
may be appropriate for selected patients. Potential anesthetic approaches include 
intercostal nerve block, paravertebral block, thoracic epidural block, peripheral 
field block, or ipsilateral stellate ganglion block [40].

A randomized study of 43 patients by Pompeo et al. [41] assessed the feasibility 
and efficacy of awake VATS in patients with spontaneous pneumothoraces that 
require intervention. Patients were randomized to undergo VATS bullectomy and 
pleural abrasion with either thoracic epidural anesthesia or general anesthesia. The 
patients undergoing awake VATS had shorter operating room times, improved pain 
scores, and shorter hospital stays compared to the general anesthesia group. Awake 
VATS patients did suffer minor complications including vomiting and transient 
urinary retention though there was no difference in morbidity and mortality 
between groups. Recurrences at 12 months were similar in each group. Tacconi et al. 
[42] reported satisfactory lung reexpansion in 95% in 19 patients that underwent 
awake VATS for pleural decortication. A single institution study by Chen et al. [43] 
reported 285 cases of awake VATS for pathologies such as primary lung cancer, 
metastatic lung cancer, benign lung tumors, and pneumothorax. Operative inter-
ventions included lobectomies, wedge resections and segmentectomies with a 4.9% 
intubation rate.

Additionally, Chen et al. [44] examined outcomes for patient undergoing awake 
VATS in stage I and II NSCLC. For 30 patients undergoing awake VATS lobectomy 
under epidural anesthesia and intrathoracic vagal block with sedation and 30 
patients undergoing VATS lobectomy under general anesthesia with single lung ven-
tilation, there was evidence that each group had comparable pathologic stages and 
number of lymph nodes resected. Additionally, no statistical difference was seen in 
postoperative complication though the awake VATS group had shorter hospital stays 
and decreased need for chest tube drainage.

10. Conclusion

At this point in the development of minimally invasive thoracic surgery, there is 
evidence that there are advantages as well as proof of non-inferiority. Additionally, 
robotic-assisted minimally invasive surgery has been proven safe in the hands of 
those adept in it on selected patients but carries the burden of additional cost. 
Follow up data from some studies show that long term outcomes are equivalent. 
Additional study is still required to fully establish if the costs of robotic surgery are 
justified.
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postoperative pain, and less blood loss. Fan et al. [32] reported a similar operative 
time and number of lymph nodes dissected in both single port VATS and open 
lobectomies for locally advanced NSCLC. In this study, single port patients had a 
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plication rate than thoracotomy. The complications studied included prolonged air 
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For 100 planned robotic segmentectomies, 7 converted to lobectomies though 
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at 30 or 90 days. Only 2 patients suffered major morbidity, each of which were 
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ventions included lobectomies, wedge resections and segmentectomies with a 4.9% 
intubation rate.

Additionally, Chen et al. [44] examined outcomes for patient undergoing awake 
VATS in stage I and II NSCLC. For 30 patients undergoing awake VATS lobectomy 
under epidural anesthesia and intrathoracic vagal block with sedation and 30 
patients undergoing VATS lobectomy under general anesthesia with single lung ven-
tilation, there was evidence that each group had comparable pathologic stages and 
number of lymph nodes resected. Additionally, no statistical difference was seen in 
postoperative complication though the awake VATS group had shorter hospital stays 
and decreased need for chest tube drainage.

10. Conclusion

At this point in the development of minimally invasive thoracic surgery, there is 
evidence that there are advantages as well as proof of non-inferiority. Additionally, 
robotic-assisted minimally invasive surgery has been proven safe in the hands of 
those adept in it on selected patients but carries the burden of additional cost. 
Follow up data from some studies show that long term outcomes are equivalent. 
Additional study is still required to fully establish if the costs of robotic surgery are 
justified.
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Abstract

Bronchiectasis is a chronic clinicopathological disease of the lung characterized 
by chronic cough, sputum production, recurrent pulmonary infection, and persis-
tent bronchial dilatation on computed tomography. For many years, bronchiectasis 
associated with high mortality and morbidity particularly before the advent of 
antibiotics. The medical treatment of bronchiectasis includes antibiotic therapy, 
airway clearance, bronchodilators, and anti-inflammatory agents. Surgery is mainly 
performed for localized disease after failure of the medical treatment, including: 
segmentectomy, lobectomy, and pneumonectomy. This chapter highlights the cur-
rent surgical considerations for treatment of bronchiectasis, regarding indications 
of surgery, preoperative evaluation and preparation, available operative procedures, 
postoperative outcomes, and other important surgical issues.

Keywords: lung, bronchiectasis, productive cough, thoracic surgery, lung resection

1. Introduction

Bronchiectasis was originally described by René Laënnec in 1819. This term 
comes from two Greek words; “Bronkhia” and “Ektasis” meaning “Airway widen-
ing”. As a medical term, bronchiectasis refers to chronic lung disease associated 
with irreversible dilatation of the bronchial tree. For many years, it was considered 
as an orphan disease; however, the detection of bronchiectasis has been increased 
in the recent years as a result of increased health awareness and modern advances in 
the imaging techniques [1, 2].

The prevalence of bronchiectasis varies in relation to geographic location. The 
estimated prevalence of bronchiectasis in developed countries (USA, UK, Germany, 
Spain) is up to 566 cases per 100,000, with 40% increase in the past decade [3, 4].  
The recent findings from the British lung foundation’s project showed that around 
212,000 people are currently living with bronchiectasis in the UK, with pre-
dominence of female gender and over-70 age [5]. In USA, 252,362 patients were 
indentified with an average annual prevalence of 701 per 100,000 persons between 
2006 and 2014, with mean age of 76 years, predominace of female gender (65%), 
and dual diagnosis of chronic obstructive pulmonary disease (COPD) in most of 
the patients (51%) [6]. In China, the overall prevalence of physician-diagnosed 
bronchiectasis in people aged 40 years or older is estimated at 1.2% and is trending 
upward with aging of the population [7]. In comparison to European estimates, the 
recently reported patients with bronchiectasis in India were younger (median age 
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of 56 years), more likely to be men, and showed a high frequency of severe, cystic 
bronchiectasis. Tuberculosis and other severe infections were the most frequently 
reported underlying cause [8].

Most of the cases of bronchiectasis are idiopathic in etiology, however, it may be 
found in a variety of pulmonary diseases, genetic or acquired, such as cystic fibrosis 
(CF), Kartagener syndrome (triad of situs inversus, chronic sinusitis, and bron-
chiectasis), COPD, alpha 1-antitrypsin deficiency, bronchial asthma, or primary 
immunodeficiencies [9, 10]. In the absence of CF, particularly with post-infectious 
and allergic hypersensitivity causes, the disease is known as non-cystic fibrosis 
bronchiectasis (NCFB) [10].

The pathogenesis of bronchiectasis is based on the “vicious cycle hypothesis” 
which begins by infectious or noninfectious insult to the lung, resulting in neu-
trophil inflammation (proteases) and impairment of the mucociliary clearance 
followed by microbial colonization or infection, bronchial obstruction, and exag-
gerated inflammatory response. The “vicious cycle” (Figure 1) refers to the occur-
rence of repeated infections with repeated impairment of the mucociliary apparatus 
subsequent to infection and inflammation [10–12].

The clinical diagnosis of bronchiectasis is challenging as it manifests early 
non-specific symptoms and signs. However, the presence of chronic cough with 
overproduction of sputum which may worse at the morning increases the index of 
suspicion for bronchiectasis especially in non-smokers [13, 14]. Other significant 
signs of bronchiectasis include: hemoptysis, chronic respiratory failure, pulmonary 
hypertension, and right-sided heart failure [13].

Bronchiectasis can be classified anatomically (cylindrical, varicoid, or cystic), 
and radiologically (localized or diffuse) [14]. Chest radiographs show non-specific 
findings of bronchiectasis such as: atelectatic changes, and hyperinflation [13, 14]. 
High-resolution computed tomography (HRCT) of the chest is a useful imaging 
tool for diagnosis of bronchiectasis and detection of the underlying causes. On 
HRCT, bronchiectatic changes include dilated airways, thick-walled bronchi with 
failed tapering at the periphery of the lung,, ring opacity, tram-track sign, and 
finger-in-glove sign, and signet-ring sign when the dilated bronchi is larger than the 
companion pulmonary artery branch (Bronchial-to-arterial ratio > 1) [14].

Figure 1. 
Vicious cycle of bronchiectasis.
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A bundle of minimum etiological tests has been recommended by European 
Respiratory Society (ERS) for newly diagnosed patients with bronchiectasis includ-
ing: differential blood count, immunoglobulins (IgA, IgM and IgG), and allergic 
bronchopulmonary aspergillosis (ABPA)-specific tests (total IgE, specific IgE to 
Aspergillus, IgG to Aspergillus and eosinophil count), in addition to sputum culture 
for monitoring of bacterial and non-tuberculous infections [15].

Etiology-specific investigations include: Sweat chloride assessment and cystic 
fibrosis transmembrane conductance regulator (CFTR) genetic analysis for cystic 
fibrosis, serum alpha1-antitrypsin level and phenotyping for Alpha-1-antitrypsin 
deficiency, measurement of nasal nitric oxide levels and ciliated epithelial biopsy for 
primary ciliary dyskinesia, Rheumatoid factor and anti-cyclic citrullinated peptide 
(CCP) for autoimmune/connective tissue diseases, and specific CT findings of con-
genital malformations including Williams-Campbell syndrome (bronchomalacia); 
Mounier-Kuhn syndrome (tracheobronchomegaly) and lung sequestration [16].

Bronchoscopy is not a routine diagnostic tool for bronchiectasis in the era of 
HRCT, but there are several indications for diagnostic bronchoscopy in such cases 
including: exclusion of foreign body obstruction especially in children, exclusion 
of proximal obstruction in adults with localized disease, obtaining microbiological 
results in acute ill patients, sampling of lower respiratory tract secretions when serial 
sputum testing did not yield results, obtaining endobronchial biopsy of airway cilia, 
and localizing the site of bleeding in patients with bronchiectasis and hemoptysis [17].

The age-adjusted mortality rate for both male and female patients with diag-
nosed bronchiectasis is more than twice the mortality in the general population 
[4]. The independent risk factors influencing long-term mortality (over 13 years) 
in patients with bronchiectasis include: age, St George’s Respiratory Questionnaire 
activity score, Pseudomonas aeruginosa infection, total lung capacity (TLC), residual 
volume/TLC, and the transfer factor coefficient [18]. Therefore, in order to reduce 
the suspected poor prognosis with bronchiectasis, the treatment should be directed 
to improve symptoms, enhance quality of life, reduce exacerbations, and limit 
progression of the bronchiectatic lesions [15, 19].

Treatment of bronchiectasis has been considered by ERS guidelines according to 
the vicious cycle hypothesis [15]. Thus, the options of treatment include: long-term 
inhaled or oral antibiotic therapy, eradication of new pathogenic microorgan-
isms and antibiotic treatment of exacerbations for chronic bronchial infection, 
long-term anti-inflammatory therapies for inflammation, long-term mucoactive 
treatments and airway clearance techniques for impaired mucociliary clearance, 
and long-term bronchodilator therapy, surgery and pulmonary rehabilitation for 
structural lung disease.

2. Indications of surgery

Optimization of the medical management and proper selection of patients are 
crucial in the decesion making for surgery. Therefore, the current guidelines by ERS 
and British Thoracic Society (BTS) did not consider surgery until the symptoms 
are controlled by optimized medical treatment [15, 20]. The indications of surgery 
as recently mentioned by BTS guideline (Figure 2) include: persistent symptoms 
despite up to a year of comprehensive medical treatment, exacerbations that are 
either severe or frequent and interfere with social/professional life, recurrent 
refractory or massive hemoptysis, post obstruction bronchiectasis distal to tumors, 
localized severely damaged lobe/segment that may be a source of sepsis that left in 
situ may lead to extension of lung damage, and treatment of complications such as 
empyema or lung abscess [20].
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empyema or lung abscess [20].
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Up to date, there are only 46 published studies in literature between 1960 and 
2019, evaluating the surgical management of bronchiectasis [21–66]. The most 
common clinical manifestations in these studies were: productive cough in 17.4–
100% [54, 57], fetid sputum in 15.1–80% [35, 57], and hemoptysis in 10–76.5% [44, 
59], while the main and indications of surgery include: failure of medical therapy 
in 39.6–100% [43, 50], recurrent chest infection in 19.8–100% [23, 54], massive or 
recurrent hemoptysis in 3–44.3% [32, 43], lung abscess in 1.8–36.5% [32, 58], lung 
masses or tumors in 1.4–17.6% [42, 46], and empyema in 1.1–8.1% [30, 57]. The 
mean duration of symptoms before surgery ranged from 1.78–10.6 years [30, 66].

Failure of prudent medical treatment is the main indication of surgery in these 
studies, especially with frequent exacerbations and repeated hospitalizations [41]. 
Some authors considered failure of treatment if sputum production persists after 
2 or 3 cycles of treatment [35]. The permanently damaged areas of bronchiectasis 
have poor antibiotic penetration leading to failure of antibiotic therapy, and acts as 
a microbiological reservoir with subsequent recurrence of infection [61]. Moreover, 
medical treatment for long periods with persistent symptoms has additional 
psychological and social effects [32].

Therefore, surgery after failed medical treatment should aim to improve clini-
cal condition and health-related quality of life, in addition to resolution of terrible 
bronchiectasis-related complications. This aim can be achieved when the focal 
lesions are completely removed, however, patients with multisegmental lesions 
should have palliative limited resection after failure of medical treatment or in the 
presence of life-threatening hemoptysis [47].

Recurrence of pulmonary infection is an important indication of surgery, as it 
can result in increased cost and side effects of antibiotic therapy for acute infection, 
in addition to affection of the normal lung tissue with extension of lung destruction 
during each episode [32]. When bronchiectasis is associated with lung abscess, sur-
gery should be delayed until adequate control with antibiotic therapy and avoiding 

Figure 2. 
Current indications for surgical treatment of bronchiectasis [15, 20].
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of preoperative drainage is recommended, however, the immediate indications of 
surgery in the presence of lung abscess include increased abscess size, unceasing 
sepsis, and contralateral contamination [30].

Recurrent or massive hemoptysis of more than 600 mL of blood within 24 hours 
indicates surgery which is considered as emergency after failure of the conservative 
therapy for hemoptysis. Even after initial cessation of bleeding by balloon blockade 
of the bleeding bronchus or bronchial artery embolization, early surgical treatment 
is indicated to avoid life-threatening recurrence of hemoptysis [30].

In children, the indications for surgery are the same as in adult patients. Growth 
retardation can be considered as an additional indication for surgery in children 
with satisfactory postoperative results [43]. It is crucial to exclude the underlying 
diseases such as Kartagener syndrome and cystic fibrosis which limit the surgical 
resection [36].

3. Preoperative evaluation

Preoperative evaluation should include physical examination, imaging stud-
ies, arterial blood gases, pulmonary function tests, bronchoscopy, and perfusion 
scans if indicated. Additional diagnostic work-up may be required for patients with 
cardiovascular diseases including echocardiography, stress testing, myocardial 
perfusion studies, and coronary angiography [48].

3.1 Chest radiography

Chest radiography represents non-specific features of bronchiectasis with 
low sensitivity and difficult appreciation. The suggestive findings in moderate to 
severe patients include: stranding, cystic lesions, volume loss with crowding of 
vessels, atelectasis, tram-track appearance, ring-like opacities, and tubular densities 
[28, 67]. Despite inadequate role of chest radiography in evaluation of bronchiec-
tasis, abnormalities on chest radiography is significantly correlated with severity of 
the disease on HRCT [68].

3.2 High resolution computed tomography (HRCT)

The images of HRCT have higher sensitivity for diagnosis and localization of 
bronchiectasis than radiography with very low false negative and false positive 
results [41, 69]. The indications of HRCT include: clinical suspicion despite 
normal chest radiography, clarification of abnormalities on chest radiography, 
and decision making for surgery [70]. The use of HRCT is not restricted by age 
of the patient, thus HRCT is not uncommon diagnostic tool in children with 
bronchiectasis [56].

In addition to the great help of HRCT in diagnosis of different types of bron-
chiectasis (Figure 3), preoperative localization of the lesions by HRCT has specific 
importance in making the decision for complete anatomic resection or limited 
resection with preservation of the lung tissue [30].

3.3 Bronchoscopy

Bronchoscopy should be performed in all patients to determine the underlying 
causes of bronchial obstruction including: foreign body aspiration, endobronchial 
epithelial tumors, and enlarged hilar lymph nodes with lobar collapse [30, 36]. 
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during each episode [32]. When bronchiectasis is associated with lung abscess, sur-
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Figure 2. 
Current indications for surgical treatment of bronchiectasis [15, 20].
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of preoperative drainage is recommended, however, the immediate indications of 
surgery in the presence of lung abscess include increased abscess size, unceasing 
sepsis, and contralateral contamination [30].

Recurrent or massive hemoptysis of more than 600 mL of blood within 24 hours 
indicates surgery which is considered as emergency after failure of the conservative 
therapy for hemoptysis. Even after initial cessation of bleeding by balloon blockade 
of the bleeding bronchus or bronchial artery embolization, early surgical treatment 
is indicated to avoid life-threatening recurrence of hemoptysis [30].

In children, the indications for surgery are the same as in adult patients. Growth 
retardation can be considered as an additional indication for surgery in children 
with satisfactory postoperative results [43]. It is crucial to exclude the underlying 
diseases such as Kartagener syndrome and cystic fibrosis which limit the surgical 
resection [36].

3. Preoperative evaluation

Preoperative evaluation should include physical examination, imaging stud-
ies, arterial blood gases, pulmonary function tests, bronchoscopy, and perfusion 
scans if indicated. Additional diagnostic work-up may be required for patients with 
cardiovascular diseases including echocardiography, stress testing, myocardial 
perfusion studies, and coronary angiography [48].

3.1 Chest radiography

Chest radiography represents non-specific features of bronchiectasis with 
low sensitivity and difficult appreciation. The suggestive findings in moderate to 
severe patients include: stranding, cystic lesions, volume loss with crowding of 
vessels, atelectasis, tram-track appearance, ring-like opacities, and tubular densities 
[28, 67]. Despite inadequate role of chest radiography in evaluation of bronchiec-
tasis, abnormalities on chest radiography is significantly correlated with severity of 
the disease on HRCT [68].

3.2 High resolution computed tomography (HRCT)

The images of HRCT have higher sensitivity for diagnosis and localization of 
bronchiectasis than radiography with very low false negative and false positive 
results [41, 69]. The indications of HRCT include: clinical suspicion despite 
normal chest radiography, clarification of abnormalities on chest radiography, 
and decision making for surgery [70]. The use of HRCT is not restricted by age 
of the patient, thus HRCT is not uncommon diagnostic tool in children with 
bronchiectasis [56].

In addition to the great help of HRCT in diagnosis of different types of bron-
chiectasis (Figure 3), preoperative localization of the lesions by HRCT has specific 
importance in making the decision for complete anatomic resection or limited 
resection with preservation of the lung tissue [30].

3.3 Bronchoscopy

Bronchoscopy should be performed in all patients to determine the underlying 
causes of bronchial obstruction including: foreign body aspiration, endobronchial 
epithelial tumors, and enlarged hilar lymph nodes with lobar collapse [30, 36]. 
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Preoperative removal of the secretions and clearing of the airways is an important 
indication of bronchoscopy in adult and children patients [63], as it is associated 
with lower rate of postoperative complications [41].

3.4 Pulmonary function tests

Pulmonary function tests (PFTs) are not routinely performed in cases of 
bronchiectasis when the lesions are localized, but PFTs should be performed in 
diffuse bronchiectasis and in cases of repeated operations [36]. Pulmonary func-
tion tests can be performed in adult patients or in children older than 6 years of age 
[59]; however, cooperation of the child may affect completeness of the pulmonary 
function tests [35].

The patients with bronchiectasis may have obstructive ventilatory pattern 
related to mucus retention or immunological abnormalities. The surgical resection 
of pulmonary segments with little contribution to ventilatory process is expected to 
have no or minimal effect on postoperative pulmonary function [31]. The expected 
loss of pulmonary function after surgical resection of bronchiectasis can be calcu-
lated from the equation: expected loss of function = preoperative function * (num-
ber of functional segments in the lobe to be resected/total number of segments of 
both lungs) [53].

3.5 Perfusion scans (ventilation/perfusion scintigraphy)

Ventilation/perfusion (V/Q ) scintigraphy provides information about hemody-
namic features (vascular perfusion), gas exchange, and quantitative lung function, 
which has a particular help in cases with diffuse bronchiectasis as it can determine 
the most affected non-perfused areas to be surgically resected [36, 37]. The affected 
area is considered non-perfused when the perfusion is <10% of the expected [37]. 
Moreover, V/Q scintigraphy is indicated in patients with poor pulmonary function 
to provide more quantitative information about ventilation function [38].

Some authors tried to find the correlation between morphologic type of bron-
chiectasis and the hemodynamic perfusion features. The study by Ashour in 1996, 
determined a correlation of cylindric morphology with pulmonary perfusion, 
contrary to non-perfusion predominance in cystic type, thus the surgery for diffuse 
bronchiectasis can be reserved for non-perfused cystic lesions which are more dam-
aged than cylindrical lesions [71]. Thereafter, Al-Kattan and colleagues reported 
a new hemodynamic classification of bronchiectasis in patients with diffuse or 
bilateral disease, combining the perfusion and morphologic features to provide 
a reasonable extent of surgery and to obtain maximum postoperative clinical 
improvement [37].

Figure 3. 
Images of high resolution computed tomography show types of bronchiectasis: (A) cylindrical, (B) varicose, and 
(C) cystic.
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4. Preoperative preparation

The preoperative preparation of patients with bronchiectasis should aim to 
provide the best possible status. Therefore, the preoperative preparation should be 
performed by a multidisciplinary team consists of infectious disease specialists, 
pulmonologists, and thoracic surgeons [72].

4.1 Sputum culture analysis

The patients should have appropriate preoperative preparation until the sputum 
volume reduced to 20-50 mL per day [54, 63], or the antibiotic therapy is modi-
fied according to new culture sensitivity results of the sputum [63]. As the gram-
negative bacterial infection has a significant risk for perioperative complications, 
surgery should be performed after negative proof of Gram-negative bacillus on 
sputum culture analysis [58].

In patients with a history of tuberculosis, surgery should be reserved for patients 
with inactive disease. Some surgeons postponed elective surgery 6 months if the 
sputum culture was positive for acid-fast bacilli and after the completion of antitu-
berculosis treatment [41].

4.2 Infection control

Preoperatively, patients should be hospitalized and prepared for at least 2 
weeks before surgery [48]. The patients who are scheduled for surgery should have 
no active pulmonary infection at the time of surgery. Therefore, broadspectrum 
antibiotics should be given for 48 hours prior to surgery, or prophylactic antibiotics 
are given according to results of sputum culture and sensitivity tests [36, 54]. For 
prophylaxis, cephalosporin and aminoglycoside are preferred if the culture is nega-
tive and the patient has no contraindications or allergies [48].

4.3 Chest physiotherapy and postural drainage

The patients should have intensive chest physiotherapy in the preoperative 
period, to obtain acceptable decrease of the daily volume of the sputum [54]. 
Patients should have chest physiotherapy including postural drainage for at least 
2 weeks bfore surgery [57], or it should be continued until the daily sputum is 
≤50 mL [50]. Preoperative postural drainage is essential to clean intra-tracheal 
secretions, decrease the sputum volume and sputum accumulation, and hence 
control of the infection and optimize the respiratory status [50, 58].

The recommended airway clearance techniques are active breathing techniques 
or oscillating positive expiratory pressure (PEP). Review of HRCT findings is 
helpful to determine the appropriate postural drainage in relevance to the affected 
pulmonary segments. The gravity assisted positioning, where not contraindicated, 
is recommended to enhance the effectiveness of an airway clearance technique. 
Modified postural drainage without head down tilt should be considered when 
the postural drainage is not tolerated and when the symptoms of gastroesophageal 
reflux increased with the technique [17, 20].

4.4 Other considerations

Nutritional support and pulmonary rehabilitation should be considered before 
surgical referral [20]. In patients on long-term steroid therapy, the doses may be 
increased by 5–10 mg/day, but surgery should be postponed in patients with uncon-
trolled respiratory symptoms [72].
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trolled respiratory symptoms [72].
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5. Surgical procedures

5.1 Thoracotomy

The anesthetic management during surgery for bronchiectasis should consider: 
(1) cleaning of the bronchus opposite to the side of surgery by aspiration before 
placement of endotracheal tube, and (2) avoiding contralateral contamination by: 
insertion of double-lumen endotracheal tube, use of Fogarty embolectomy catheter 
as a bronchus blocker, or advancing of the endotracheal tube to the main bronchus 
of the opposite side of resection [35, 37, 41, 54, 57].

Posterolateral thoracotomy is the standard approach for pulmonary resection 
in patients with bronchiectasis. Preservation of the integrity of chest wall muscles 
using muscle-sparing technique is essential to reduce postoperative pain and gener-
ate an effective cough [29]. When the decision is for bilateral lung resection, the 
second operation can be performed with an interval of 1–4 months [49, 53].

The extent of lung resection is determined by extent of the disease and cardio-
pulmonary reserve, thus lobectomy is performed for lesions limited to one lobe, 
segmentectomy is performed for fairly limited disease or when the pulmonary 
function is impaired, while pneumonectomy is reserved for extensive disease affect-
ing the whole lung [33, 50, 54]. In some instances, bilobectomy and lobectomy plus 
segmentectomy can be performed [40, 44, 48, 50, 52, 61]. Extrapleural dissection is 
preferred to avoid spillage of lung content into pleural space. After identification of 
the hilar structures and opening of the major fissure, arterial, venous, and bron-
chial branches are isolated and divided, respectively [39, 63].

Certain recommendations can be followed to prevent or reduce the incidences 
of postoperative air leak and bronchopleural fistula (BPF) after lung resection 
including: preservation of peribronchial tissues and avoidance of extensive lymph 
node dissection near to bronchi to minimize bronchial devascularization, division 
of the bronchus before mobilization of the resected part to avoid contamination of 
the healthy segments, division of the bronchial stump as short as possible which 
sutured by non-absorbable materials or closed with a mechanical stapler then 
buttressed by tissue glue or a flap from pleura, pericardium, pericardial fat pad, 
muscle, or omentum [41, 73].

To reduce the extension of contamination during surgery, extrapleural intraperi-
cardial pneumonectomy is recommended when there is pleural sepsis or complete 
fusion of the pleura. Also, the evidence of pleural infection indicates pleural space 
irrigation with antibiotic [73]. Following placement of the chest drains, bron-
choscopic evaluation of the bronchial sutures with removal of any secretions in 
the airway should be performed [63]. The resected specimens should be sent for 
histopathological examination [41].

5.2 Video-assisted thoracoscopic surgery (VATS)

There is a little research work regarding use of VATS in the management of bron-
chiectasis. The reported VATS approaches for lobectomy in patients with bronchi-
ectasis include three ports, two ports, or one port VATS [55, 62, 66]. Additionally, a 
two-port thoracoscopy with a utility mini-thoracotomy has been reported [45].

For three ports completely VATS procedure, the ports are placed through the 7th 
or 8th intercostal space in the midaxillary line for a 10-mm 30° thoracoscope, the 
4th or 5th intercostal space along the anterior axillary line (4–5 cm incision), and 
the 7th or 8th intercostal space in the auscultatory triangle (1.5 cm incision) [55]. 
For two ports VATS lobectomy, a 2 cm camera port through the 7th or 8th intercos-
tal space in the anterior axillary line and a 3–5 cm utility incision through the 4th 

139

Surgical Management of Bronchiectasis
DOI: http://dx.doi.org/10.5772/intechopen.93103

or 5th intercostal space in the anterior or mid axillary line [62]. Ocakcioglu et al. 
described uniportal VATS lobectomy through a utility incision of 3–5 cm from the 
5th intercostal space in the anterior position without use of rib retractor. A 10 mm 
30° thoracoscope is placed in the anterior part of the incision, while dissecting and 
holding clamps are placed through the dorsal part [66].

During 3 ports VATS, the incisions change depending on the type of lung resec-
tion, whether it is an upper or lower lobectomy [62]. The presence of intrathoracic 
adhesions is a challenging problem during VATS which can be released by blunt 
or sharp dissection, or it may result in conversion of the VATS procedure to open 
procedure [55, 64]. As in open thoracotomy, the pulmonary artery is firstly identi-
fied and divided before the division of the veins to avoid congestion of the lobe, 
with separate dissection of the major pulmonary veins and the bronchus [64]. The 
dissection of vascular and airway structures is performed by an endoscopic linear 
cutter [55]. At the end of VATS procedure, the thorax is closed after retrieval of the 
resected specimens and meticulous control of air leak and hemorrhage [66].

5.3 Postoperative care

Bronchoscopy can be performed in the operating room for bronchial hygiene, 
immediately after surgery [56]. The early postoperative care should include: pain 
control including epidural analgesia, chest physiotherapy, antibiotic therapy 
according to results of culture and sensitivity [37, 56].

Generally, the duration of postoperative systematic antibiotic therapy is 5 days, 
but it can be longer according to the inflammatory condition. Early ambulation and 
active cough, and 3–4 times percussive chest physiotherapy are essential for proper 
expectoration and lung re-expansion. The standard criteria for removal of chest 
tube are: stable vital signs, small amount of drainage (<100 mL/day) with clear 
color, lung re-expansion on chest X-ray, and absence of air leak [63].

After discharge, patients should have specific or wide-spectrum antibiotic 
therapy for 1 week. Chest physiotherapy can be reinitiated at home and continued 
for 2 weeks after discharge [33].

6. Postoperative outcomes of lung resection

6.1 Mortality

To date, few studies have evaluated postoperative outcomes after lung resection 
for bronchiectasis (Table 1). There is no perioperative mortality (early, operative, 
in-hospital, postoperative, or 30-days) after surgical resection of bronchiectasis in 
most of the published studies. The reported rates of perioperative mortality ranged 
from 0.41% [23] to 8.3% [25]. The causes of early mortality in literature include: 
respiratory failure [2, 27, 28, 41, 49, 57], intraoperative bleeding [24, 28, 46], post-
operative pneumonia [25, 37], empyema [25, 32], pulmonary edema [27, 46], 
cardiac-related causes including myocardial infarction or arrhythmia [27, 35, 47, 
49, 58], speptic shock [27, 56], gastrointestinal bleeding due to sepsis and stress 
ulcer [39], uncontrolled hemoptysis [27], pulmonary embolism [22, 32, 48, 58], 
cardiac arrest in patients with Kartagener syndrome [36], disseminated intravas-
cular coagulation [44], nephropathy [22], downstream consequences of bronchial 
stump fistula [48, 60], multiple organ failure [48, 60], and causes unrelated to 
disease or technique such as cerebral edema in a child due to previously undiag-
nosed aquaeductus stenosis and hydrocephalus [24]. The disease-related conse-
quences which indirectly attribute to early death include: severe disease requiring 
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Author Year Number Morbidity 
(%)

Early 
mortality (%)

Late  
mortality (%)

Asymptomatic 
(%)

Hewlett and 
Ziperman

1960 107 20.6 0 1.9 36.4

Streete and 
Salyer

1960 240 22.1 0.8 2.1 22.3

Sanderson et al. 1974 242 33.5 0.4 2.9 62.5

George et al. 1979 99 88.9 3 4 39.6

Annest et al. 1982 24 12.5 8.3 8.3 45.8

Wilson and 
Decker

1982 84 10.7 0 1.2 73.8

Dogan et al. 1989 487 10.7 3.1 0.4 73.3

Agasthian et al. 1996 134 24.6 2.2 0 59.2

Ashour et al. 1999 85 12.9 0 0 74.1

Fujimoto et al. 2001 90 22.2 0 0 45.6

Prieto et al. 2001 119 12.6 0 0 67.6

Kutlay et al. 2002 166 10.8 1.8 0 75

Balkanli et al. 2003 238 8.8 0 0 82.5

Mazieres et al. 2003 16 18.8 0 0 31.3

Haciibrahimoglu 
et a

2004 35 17.1 2.9 0 64.7

Otgun et al. 2004 54 7.4 5.6 0 45.1

Al-Kattan et al. 2005 66 18.2 1.5 0 73.8

Schneiter et al. 2005 48 18.8 0 0 62.5

Aghajanzadeh 
et al.

2006 29 37.9 3.4 0 67.9

Yuncu et al. 2006 81 18.5 0 0 81.7

Eren et al. 2007 143 23.1 1.4 0 75.9

Guerra et al. 2007 51 15.7 0 0 77.8

Sirmali et al 2007 176 13.1 0 0 73.3

Stephen et al. 2007 149 14.8 0.7 0.7 54.3

Giovannetti 
et al.

2008 45 11.1 0 0 71.1

Bagheri et al. 2010 277 15.9 0.7 0 68.6

Gursoy et al. 2010 92 16.3 1.1 0 84

Zhang et al. 2010 790 16.2 1.1 0 67.7

Caylak et al. 2011 339 12.7 0.6 0 71

Cobanoglu et al. 2011 62 19.4 0 0 45

Gorur et al. 2011 122 13.1 0 0 77.3

Sehitogullari 
et al.

2011 129 22.5 0 0.8 60.2

Hiramatsu et al. 2012 31 19.4 0 0 74.2

Al-Refaie et al. 2013 138 13 0 0 84.2

Zhou et al. 2013 56 23.2 0 0 58.9
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pneumonectomy or completion [28, 58], massive bleeding during the operation 
because of dense adhesions due to chronic and recurrent infections [44, 46], and 
Kartagener syndrome [36].

The rates of late or long-term mortality ranged from 0.41% [27] to 8.3% [25]. 
The reported causes of late mortality after surgical management of bronchiectasis 
included: respiratory failure [24, 52], progressive respiratory disease [25], sepsis 
[59], coronary artery thrombosis [22], cor pulmonale or pulmonary heart disease 
[22, 58], myocardial failure [22], glomerulonephritis [22], kidney failure [58], post-
pneumonectomy pneumonia in the remaining lung [56], massive bleeding from the 
Malecot catheter used for drainage ofresidual space infection [44], suicide [22], and 
other causes of late deaths not attributable to bronchiectasis [21, 23, 26].

6.2 Morbidity

The reported rates of morbidity ranged from 7% [7] to 38% [39]. The most 
common complication is atelectasis or sputum retention requiring bronchoscopic 
intervention, followed by persistent air leak (Table 2). Most of the reported com-
plications were minor, transient, and treatable.

In comparison to the published studies in the 3rd and 4th decades of 20th 
century, the relatively low incidences of complication in the after while studies 
can reflect effective antibiotic therapy, improved anesthetic techniques, adequate 
blood transfusion, and detailed postoperative care [21, 22]. Other factors include: 
surgeon’s experience, preoperative awareness of the undesirable consequences 
of retained secretions, preoperative teaching of breathing exercises, scheduling 
tracheal suction or bronchoscopy in the early postoperative period [21], good intra-
operative hemostasis and careful dissection [37], low number of pneumonectomies, 
accurate patient selection, and careful perioperative management [45].

Treatment of postoperative complications after surgery for bronchiectasis depends 
on its type and severity. The treatment options for complications include: physio-
therapy, tube thoracotomy, bronchoscopic treatment for atelectasis, negative suction 
applied to the chest tubes for prolonged air leak, surgical reintervention for closure 

Author Year Number Morbidity 
(%)

Early 
mortality (%)

Late  
mortality (%)

Asymptomatic 
(%)

Andrade et al. 2014 109 36.7 0.9 0.9 NR

Balci et al. 2014 86 16.3 1.2 0 82.6

Jin et al. 2014 260 11.5 0.8 1.9 78

Sahin et al. 2014 60 20 0 3.3 74.1

Vallilo et al. 2014 53 24.5 3.8 0 34.1

Coutinho et al. 2016 69 14.5 0 0 73.3

Baysungur et al. 2017 41 9.8 0 0 NR

Dai et al. 2017 37 21.6 0 0 62.2

Hao et al. 2019 99 17.2 0 0 26

Nega et al. 2019 22 22.7 4.5 0 89.5

Ocakcioglu et al. 2019 14 14.3 0 0 85.7

NR: Not reported.

Table 1. 
Reported outcomes (%) after surgical treatment of bronchiectasis [21–66].
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Author Year Number Morbidity 
(%)

Early 
mortality (%)

Late  
mortality (%)

Asymptomatic 
(%)
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Decker

1982 84 10.7 0 1.2 73.8
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pneumonectomy or completion [28, 58], massive bleeding during the operation 
because of dense adhesions due to chronic and recurrent infections [44, 46], and 
Kartagener syndrome [36].

The rates of late or long-term mortality ranged from 0.41% [27] to 8.3% [25]. 
The reported causes of late mortality after surgical management of bronchiectasis 
included: respiratory failure [24, 52], progressive respiratory disease [25], sepsis 
[59], coronary artery thrombosis [22], cor pulmonale or pulmonary heart disease 
[22, 58], myocardial failure [22], glomerulonephritis [22], kidney failure [58], post-
pneumonectomy pneumonia in the remaining lung [56], massive bleeding from the 
Malecot catheter used for drainage ofresidual space infection [44], suicide [22], and 
other causes of late deaths not attributable to bronchiectasis [21, 23, 26].

6.2 Morbidity

The reported rates of morbidity ranged from 7% [7] to 38% [39]. The most 
common complication is atelectasis or sputum retention requiring bronchoscopic 
intervention, followed by persistent air leak (Table 2). Most of the reported com-
plications were minor, transient, and treatable.

In comparison to the published studies in the 3rd and 4th decades of 20th 
century, the relatively low incidences of complication in the after while studies 
can reflect effective antibiotic therapy, improved anesthetic techniques, adequate 
blood transfusion, and detailed postoperative care [21, 22]. Other factors include: 
surgeon’s experience, preoperative awareness of the undesirable consequences 
of retained secretions, preoperative teaching of breathing exercises, scheduling 
tracheal suction or bronchoscopy in the early postoperative period [21], good intra-
operative hemostasis and careful dissection [37], low number of pneumonectomies, 
accurate patient selection, and careful perioperative management [45].

Treatment of postoperative complications after surgery for bronchiectasis depends 
on its type and severity. The treatment options for complications include: physio-
therapy, tube thoracotomy, bronchoscopic treatment for atelectasis, negative suction 
applied to the chest tubes for prolonged air leak, surgical reintervention for closure 

Author Year Number Morbidity 
(%)

Early 
mortality (%)

Late  
mortality (%)

Asymptomatic 
(%)

Andrade et al. 2014 109 36.7 0.9 0.9 NR

Balci et al. 2014 86 16.3 1.2 0 82.6

Jin et al. 2014 260 11.5 0.8 1.9 78

Sahin et al. 2014 60 20 0 3.3 74.1

Vallilo et al. 2014 53 24.5 3.8 0 34.1

Coutinho et al. 2016 69 14.5 0 0 73.3

Baysungur et al. 2017 41 9.8 0 0 NR

Dai et al. 2017 37 21.6 0 0 62.2

Hao et al. 2019 99 17.2 0 0 26

Nega et al. 2019 22 22.7 4.5 0 89.5

Ocakcioglu et al. 2019 14 14.3 0 0 85.7

NR: Not reported.

Table 1. 
Reported outcomes (%) after surgical treatment of bronchiectasis [21–66].
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of bronchopleural fistula, medical treatment or decortication for pleural empyema, 
pharmacological control of supraventricular arrhythmias, reexploration for postop-
erative bleeding, and mechanical ventilation for respiratory insufficiency [39, 41, 60].

Cobanoglu et al. did not report any significant statistical difference between 
tubular and saccular morphologic types of bronchiectasis regarding postoperative 
complication rates; however, the most severe postoperative complication, broncho-
pleural fistula, developed in 2 (3.22%) cases with saccular bronchiectasis [50]. Zhou 
et al. did not find statistically significant difference in the rates of postoperative 
complications between thoracotomy and VATS procedure. Minor postoperative 
complications were reported after thoracotomy or completely VATS lobectomy, 
which included pneumonia, prolonged air leak (>7 days), and atelectasis [55]. 
Moreover, Hao et al. did not observe major postoperative complications such as 
bronchopleural fistula or respiratory insufficiency was observed in VATS and thora-
cotomy groups. The most common complication was persistent air leak for >7 days 
in 8.1% of VATS group and 6% of thoracotomy group [64].

6.3 Symptomatic improvement

The clinical results after surgical resection of bronchiectasis are frequently clas-
sified into three categories. The first category (asymptomatic; excellent response) 
includes patients who are completely free of any symptoms suggestive of bronchiec-
tasis, and considered themselves cured. The second category (clinical improvement; 
good response) includes those considered improved who have had some relief of 
the symptoms but still had some chronic pulmonary complaints. The third category 
(no improvement; poor response) includes patients with no-change, no-reduction 
in preoperative symptoms, or who are worse off since surgical resection. [22, 31, 32, 
35, 44, 46, 47, 50]. Some authors referred to the excellent response as well outcome 
[36] or perfect response [41].

Sanderson et al. expanded the classification of the clinical symptomatic outcome 
to five categories as: excellent (no symptoms at all), good (full physical capacity, 
occasional cough and sputum), fair-improved (tendency to cough and sputum 

Complications Minimum rate 
[Reference]

Maximum rate [Reference]

Atelectasis or sputum retention 0.9% [21] 33.3% [24]

Prolonged air leak 0.7% [54] 26.4% [23]

Pneumonia 1.2% [57] 12.5% [34]

Bronchopleural fistula 0.4% [48] 9.1% [65]

Residual air space or expansion defect 2.2% [45] 9% [51]

Empyema 0.6% [32] 8.1% [44]

Wound infection 1.3% [44] 7.4% [27]

Bleeding 1.1% [30] 8.3% [25]

Cardiac arrhythmias 0.4% [58] 5.4% [63]

Pulmonary embolism 0.4% [58] 3.8% [60]

Respiratory insufficiency 0.8% [52] 3.5% [57]

Pulmonary edema 0.8% [52] 2.2% [28]

Pleural effusion 0.6% [32] 0.7% [54]

Table 2. 
Reported rates of complications after surgical treatment of bronchiectasis.
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with susceptibility to respiratory infection, hemoptysis or dyspnea), poor (residual 
symptoms), and worse (steady deterioration) [23]. Other authors reduced the 
classification of the clinical condition in two categories only by dividing the patients 
into an improved group (“excellent” or “good” outcomes) and an unimproved group 
(“no change” or “worse” outcomes) [52].

In literature, through a range of follow-up between 9 months and 14 years, 
the proportion of asymptomatic patients or excellent improvement after surgery 
ranged from 22.3% [22] to 89.5% [65], while the proportion of clinical improvement 
with reduction of preoperative symptoms ranged from 9.6% [64] to 80.7% [56], 
and no improvement, worseness or relapse was reported in 1.6% [58] to 42.3% [22].

6.4 Quality of life (QOL)

Patients with bronchiectasis report worse quality of life (QOL) than do persons 
in the general population [74, 75]. Recurrent bronchiectasis exacerbations are 
related to deterioration of lung function, progression of the disease, impairment 
of quality of life, and increased rate of mortality [76]. Postoperative QOL and 
the functional consequences of lung resection (pulmonary function and exercise 
capacity) are poorly addressed.

Vallilo et al. reported a significant improvement of the QOL in patients with 
symptomatic bronchiectasis which was particularly relevant in the functional and 
physical QOL domains. Resection of the lung area which had not contributed to 
ventilatory response during exercise before surgery might enable the patients to 
maintain the exercise performance after lung resection without impairment to the 
response of the ventilatory system during maximal testing [60].

6.5 Complete versus incomplete resection

The proper surgical treatment should aim to complete resection of the bronchi-
ectatic lesions. Thus, intraoperatively detected lesions should be resected as appro-
priate whether determined on preoperative imaging studies or not [32]. Complete 
resection is defined as an anatomic resection of all affected segments preoperatively 
identified by high-resolution computed tomography or bronchography [48, 54, 57]. 
However, some authors considered pulmonary resection complete if the patient was 
believed to be free of bronchiectasis after thoracotomy [31, 35].

Completeness of surgical resection is affected by localization of the disease and 
pulmonary function (Figure 4). In patients with unilateral localized bronchiectasis, 
the most important prognostic factor for good surgical outcomes is complete resec-
tion of all diseased segments. In bilateral localized bronchiectasis, complete surgical 
resection should be attempted if lung function permits, including combinations of 
lobectomy with segmentectomy or wedge resections on the same siting or staged 
[24, 39, 73]; however, limited resection of the most predominant lesion is preferred 
for selected patients with bilateral diffuse bronchiectasis [34, 63]. The reported 
completeness of resection in patients with localized bronchiectasis ranged from 
55.4% [23] to 94.2% [54].

Sanderson et al. found a preponderance of excellent results after complete resec-
tion in comparison with incomplete resection (36% versus 10%, P < 0.005) [23]. 
Agasthian et al. found that complete resection resulted in a significant increase in 
proportion of asymptomatic patients than incomplete resection (65.2% versus 21.4%, 
p < 0.05) [28]. In the study by Kutlay et al., the excellent to good results of complete 
resection were significantly better than those of incomplete resection (98.5 versus 
76.5%, P < 0.05) [32]. Similarly, other authors reported significantly better clinical 
results with complete resection than incomplete resection [35, 36, 44, 46, 50, 52].
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of bronchopleural fistula, medical treatment or decortication for pleural empyema, 
pharmacological control of supraventricular arrhythmias, reexploration for postop-
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includes patients who are completely free of any symptoms suggestive of bronchiec-
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with susceptibility to respiratory infection, hemoptysis or dyspnea), poor (residual 
symptoms), and worse (steady deterioration) [23]. Other authors reduced the 
classification of the clinical condition in two categories only by dividing the patients 
into an improved group (“excellent” or “good” outcomes) and an unimproved group 
(“no change” or “worse” outcomes) [52].

In literature, through a range of follow-up between 9 months and 14 years, 
the proportion of asymptomatic patients or excellent improvement after surgery 
ranged from 22.3% [22] to 89.5% [65], while the proportion of clinical improvement 
with reduction of preoperative symptoms ranged from 9.6% [64] to 80.7% [56], 
and no improvement, worseness or relapse was reported in 1.6% [58] to 42.3% [22].

6.4 Quality of life (QOL)

Patients with bronchiectasis report worse quality of life (QOL) than do persons 
in the general population [74, 75]. Recurrent bronchiectasis exacerbations are 
related to deterioration of lung function, progression of the disease, impairment 
of quality of life, and increased rate of mortality [76]. Postoperative QOL and 
the functional consequences of lung resection (pulmonary function and exercise 
capacity) are poorly addressed.

Vallilo et al. reported a significant improvement of the QOL in patients with 
symptomatic bronchiectasis which was particularly relevant in the functional and 
physical QOL domains. Resection of the lung area which had not contributed to 
ventilatory response during exercise before surgery might enable the patients to 
maintain the exercise performance after lung resection without impairment to the 
response of the ventilatory system during maximal testing [60].

6.5 Complete versus incomplete resection

The proper surgical treatment should aim to complete resection of the bronchi-
ectatic lesions. Thus, intraoperatively detected lesions should be resected as appro-
priate whether determined on preoperative imaging studies or not [32]. Complete 
resection is defined as an anatomic resection of all affected segments preoperatively 
identified by high-resolution computed tomography or bronchography [48, 54, 57]. 
However, some authors considered pulmonary resection complete if the patient was 
believed to be free of bronchiectasis after thoracotomy [31, 35].

Completeness of surgical resection is affected by localization of the disease and 
pulmonary function (Figure 4). In patients with unilateral localized bronchiectasis, 
the most important prognostic factor for good surgical outcomes is complete resec-
tion of all diseased segments. In bilateral localized bronchiectasis, complete surgical 
resection should be attempted if lung function permits, including combinations of 
lobectomy with segmentectomy or wedge resections on the same siting or staged 
[24, 39, 73]; however, limited resection of the most predominant lesion is preferred 
for selected patients with bilateral diffuse bronchiectasis [34, 63]. The reported 
completeness of resection in patients with localized bronchiectasis ranged from 
55.4% [23] to 94.2% [54].

Sanderson et al. found a preponderance of excellent results after complete resec-
tion in comparison with incomplete resection (36% versus 10%, P < 0.005) [23]. 
Agasthian et al. found that complete resection resulted in a significant increase in 
proportion of asymptomatic patients than incomplete resection (65.2% versus 21.4%, 
p < 0.05) [28]. In the study by Kutlay et al., the excellent to good results of complete 
resection were significantly better than those of incomplete resection (98.5 versus 
76.5%, P < 0.05) [32]. Similarly, other authors reported significantly better clinical 
results with complete resection than incomplete resection [35, 36, 44, 46, 50, 52].
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6.6 Predictors of postoperative outcomes

There is no single independent perioperative variable that can predict occur-
rence of adverse events after lung resection with scant available data. In the study 
by Fujimoto et al., the logistic analyses extracted the type of bronchiectasis (cylin-
drical or others), the history of sinusitis, and the type of resection (complete or 
incomplete) for discrimination between patients with excellent or improved clinical 
outcome and patients with no clinical change [30]. Hiramatsu et al. reported 
immuno compromised status, Pseudomonas aeruginosa infection, and extent of 
residual bronchiectasis, as independent and significant factors of postoperative 
shorter relapse-free interval [53].

Eren et al. fond that the lack of preoperative bronchoscopic examination, a 
FEV1 of <60% of the predicted value, a history of tuberculosis, and incomplete 
resection were independent predictors of postoperative complications [41]. Bagheri 
et al. statistically evaluated several variables including: sex, age, localization of 
disease, and complete or incomplete resection using multivariate logistic regres-
sion. Complete resection was found to have a significantly better surgical outcome 
compared to incomplete resection [46]. In the study by Zhang et al., the logistic 
regression analysis showed that tuberculous bronchiectasis, type of bronchiectasis 
(saccular versus others), and type of resection (incomplete or complete) were three 
independent factors associated with poor surgical outcome [48]. The multivari-
able analyses by Jin et al., showed that age, sputum volume, gram-negative bacillus 
infection, and bronchial stump coverage were the four independent factors related 
with poor surgical outcome [58].

According to the reported results by Sahin et al., the prognostic variables in 
pediatric patients were: FEV1 less than 60% of the predicted value, hemoptysis, and 
duration of symptoms [59]. Interestingly, Gorur et al. stated that multi-segmental 
resectable bronchiectasis should not be considered an occult risk factor for morbid-
ity after lung resection. Moreover, the number of resected segments, hemoptysis, 
and absence of preoperative fiberoptic bronchoscopy were not associated with 
postoperative complications. Impaired pulmonary function was significantly 
associated with residual air space; however it did not predict the risk of persistent 
air leak, atelectasis or empyema [51].

Completion pneumonectomy is historically recognized as a high-risk procedure 
especially when done for a benign disease [77]. To reduce the high-risk of comple-
tion pneumonectomy when indicated, precautions such as optimal exposure, 

Figure 4. 
Simplified algorithm for complete surgical resection according to extent of bronchiectasis.
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intrapericardial isolation of blood vessels, and bronchial reinforcement are recom-
mended [78]. In the study by Agasthian et al., all died patients after lung resection 
had completion pneumonectomy. The causes of death were respiratory failure 
and intraoperative bleeding [28]. However, Fujimoto et al. reported acceptable 
mortality and morbidity after completion pneumonectomy without mortality and 
only one patient had postoperative bronchopleural fistula that could be managed 
conservatively [30].

7. Specific surgical considerations

7.1 Non-localized bronchiectasis

Patients with non-localized (multi-segmental or bilateral) bronchiectasis are 
generally regarded as an exclusion of surgery [39]. However, considering the limited 
and palliative effect of medical treatment and the risk of transplantation or radical 
operation, recent studies offered a limited operation to some of these patients [34, 
63]. Moreover, some surgeons favored surgery in non-localized bronchiectasis to 
prevent extension of the disease to the unaffected lung [38].

George et al. suggested that bilateral bronchiectasis need not be a contraindica-
tion to operation. In properly selected patients, lasting symptomatic improvement 
can be provided by resection [24]. Mazieres et al. reported favorable outcome after 
a limited lung resection in properly selected symptomatic patients with severe 
multisegmental bilateral bronchiectasis, particularly those with cystic lesions and 
functionless territories [34].

Schneiter et al. found the same patients’ satisfaction at 6 months after surgery 
for patients who had resectable non-localized or localized bronchiectasis, with 
non-significant differences in the rates of recurrent infection and hemoptysis [38]. 
Aghajanzadeh et al. reported the benefits of surgery in 87 bilateral non-localized 
bronchiectases, and concluded that staged bilateral resection for bronchiecta-
ses can be performed at any age with acceptable morbidity and mortality [39]. 
Additionally, Dai et al. reported the safety of lobectomy for the predominant lesions 
in non-localized bronchiectasis, with significant relief of symptoms, good rates of 
satisfaction, no operative mortality, and minimal postoperative complications [63].

7.2 Surgery for bronchiectasis in children

The prevalence of bronchiectasis in children ranges from 0.2 to 735 cases 
per 100,000 [79]. Cystic fibrosis is the most common cause of bronchiectasis in 
developed countries while in developing countries non-CF etiologies particularly 
post-infectious causes are more common [80]. Surgical treatment of bronchiec-
tasis in children is considered for cases with resectable disease after failure of the 
proper medical treatment. Moreover, surgery can be considered in children with 
diffuse disease who have expected benefit after excision of the most predominant 
lesions [36, 79].

In literature, the studies that evaluate surgical treatment of bronchiectasis in 
children are scanty. However, these studies confirmed the safety of surgery for 
childhood bronchiectasis with low rates of mortality and morbidity. Complete 
resection can be considered when possible, as most of the children can benefit from 
surgery especially if the total excision is accomplished [26, 35, 36, 43, 56, 59].

The reported surgical outcomes in children with bronchiectasis highlight: 
acceptable mortality and morbidity [35, 36, 43, 56, 59], significant impact of 
surgery on improvement of symptoms and quality of life [43, 56], good results 
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drical or others), the history of sinusitis, and the type of resection (complete or 
incomplete) for discrimination between patients with excellent or improved clinical 
outcome and patients with no clinical change [30]. Hiramatsu et al. reported 
immuno compromised status, Pseudomonas aeruginosa infection, and extent of 
residual bronchiectasis, as independent and significant factors of postoperative 
shorter relapse-free interval [53].

Eren et al. fond that the lack of preoperative bronchoscopic examination, a 
FEV1 of <60% of the predicted value, a history of tuberculosis, and incomplete 
resection were independent predictors of postoperative complications [41]. Bagheri 
et al. statistically evaluated several variables including: sex, age, localization of 
disease, and complete or incomplete resection using multivariate logistic regres-
sion. Complete resection was found to have a significantly better surgical outcome 
compared to incomplete resection [46]. In the study by Zhang et al., the logistic 
regression analysis showed that tuberculous bronchiectasis, type of bronchiectasis 
(saccular versus others), and type of resection (incomplete or complete) were three 
independent factors associated with poor surgical outcome [48]. The multivari-
able analyses by Jin et al., showed that age, sputum volume, gram-negative bacillus 
infection, and bronchial stump coverage were the four independent factors related 
with poor surgical outcome [58].

According to the reported results by Sahin et al., the prognostic variables in 
pediatric patients were: FEV1 less than 60% of the predicted value, hemoptysis, and 
duration of symptoms [59]. Interestingly, Gorur et al. stated that multi-segmental 
resectable bronchiectasis should not be considered an occult risk factor for morbid-
ity after lung resection. Moreover, the number of resected segments, hemoptysis, 
and absence of preoperative fiberoptic bronchoscopy were not associated with 
postoperative complications. Impaired pulmonary function was significantly 
associated with residual air space; however it did not predict the risk of persistent 
air leak, atelectasis or empyema [51].

Completion pneumonectomy is historically recognized as a high-risk procedure 
especially when done for a benign disease [77]. To reduce the high-risk of comple-
tion pneumonectomy when indicated, precautions such as optimal exposure, 

Figure 4. 
Simplified algorithm for complete surgical resection according to extent of bronchiectasis.
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intrapericardial isolation of blood vessels, and bronchial reinforcement are recom-
mended [78]. In the study by Agasthian et al., all died patients after lung resection 
had completion pneumonectomy. The causes of death were respiratory failure 
and intraoperative bleeding [28]. However, Fujimoto et al. reported acceptable 
mortality and morbidity after completion pneumonectomy without mortality and 
only one patient had postoperative bronchopleural fistula that could be managed 
conservatively [30].

7. Specific surgical considerations

7.1 Non-localized bronchiectasis

Patients with non-localized (multi-segmental or bilateral) bronchiectasis are 
generally regarded as an exclusion of surgery [39]. However, considering the limited 
and palliative effect of medical treatment and the risk of transplantation or radical 
operation, recent studies offered a limited operation to some of these patients [34, 
63]. Moreover, some surgeons favored surgery in non-localized bronchiectasis to 
prevent extension of the disease to the unaffected lung [38].

George et al. suggested that bilateral bronchiectasis need not be a contraindica-
tion to operation. In properly selected patients, lasting symptomatic improvement 
can be provided by resection [24]. Mazieres et al. reported favorable outcome after 
a limited lung resection in properly selected symptomatic patients with severe 
multisegmental bilateral bronchiectasis, particularly those with cystic lesions and 
functionless territories [34].

Schneiter et al. found the same patients’ satisfaction at 6 months after surgery 
for patients who had resectable non-localized or localized bronchiectasis, with 
non-significant differences in the rates of recurrent infection and hemoptysis [38]. 
Aghajanzadeh et al. reported the benefits of surgery in 87 bilateral non-localized 
bronchiectases, and concluded that staged bilateral resection for bronchiecta-
ses can be performed at any age with acceptable morbidity and mortality [39]. 
Additionally, Dai et al. reported the safety of lobectomy for the predominant lesions 
in non-localized bronchiectasis, with significant relief of symptoms, good rates of 
satisfaction, no operative mortality, and minimal postoperative complications [63].

7.2 Surgery for bronchiectasis in children

The prevalence of bronchiectasis in children ranges from 0.2 to 735 cases 
per 100,000 [79]. Cystic fibrosis is the most common cause of bronchiectasis in 
developed countries while in developing countries non-CF etiologies particularly 
post-infectious causes are more common [80]. Surgical treatment of bronchiec-
tasis in children is considered for cases with resectable disease after failure of the 
proper medical treatment. Moreover, surgery can be considered in children with 
diffuse disease who have expected benefit after excision of the most predominant 
lesions [36, 79].

In literature, the studies that evaluate surgical treatment of bronchiectasis in 
children are scanty. However, these studies confirmed the safety of surgery for 
childhood bronchiectasis with low rates of mortality and morbidity. Complete 
resection can be considered when possible, as most of the children can benefit from 
surgery especially if the total excision is accomplished [26, 35, 36, 43, 56, 59].

The reported surgical outcomes in children with bronchiectasis highlight: 
acceptable mortality and morbidity [35, 36, 43, 56, 59], significant impact of 
surgery on improvement of symptoms and quality of life [43, 56], good results 
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after segmentectomy when the pulmonary segment is entirely free of disease [26], 
increase the chance of cure after complete resection which results in significantly 
better outcome than incomplete resection [35, 43], preference of pneumonec-
tomy instead of leaving residual disease when bronchiectasis is unilateral [36], 
and significant impact of duration of symptoms and timely intervention on the 
 management and prognosis [59].

8. Conclusions

Bronchiectasis is a significant chronic lung disease associated with vicious cycle 
of inflammation, infection, mucus accumulation, and structural tissue damage. 
Current guidelines recommend surgical treatment of bronchiectasis in patients with 
localized disease when symptoms are not controlled by optimized medical treat-
ment. Other indications in literature include recurrent refractory or massive hemop-
tysis, bronchiectasis distal to tumors, and treatment of subsequent complications.

HRCT is the gold standard imaging tool of bronchiectasis, as has a great help in 
preoperative localization of the lesions which affects the decision making for sur-
gery. Preoperative bronchoscopy is important to diagnose the underlying causes of 
bronchial obstruction and to clear the airways by removal of secretions. Preoperative 
PFTs can be performed to determine the segments with little ventilatory contribution 
and minimal effects on postoperative pulmonary function after surgical resection. 
Perfusion scans can be used to determine the most affected non-perfused areas to be 
resected, particularly when the pulmonary function is affected. According to hemo-
dynamic analysis of perfusion scans in diffuse bronchiectasis, surgery can be reserved 
for non-perfused cystic lesions which are more damaged than cylindrical lesions.

Preoperative preparation for lung resection should include sputum culture analysis 
to modify antibiotic therapy with culture sensitivity results. It is crucial to eradicate 
active pulmonary infection and provide prophylactic antibiotic therapy with cephalo-
sporin and aminoglycoside before surgery. Preoperative airway clearance techniques 
including active breathing, oscillating PEP, and postural drainage, are recommended 
to control infection and optimize the respiratory status. Other important preoperative 
considerations include nutritional support and pulmonary rehabilitation.

Posterolateral thoracotomy is the standard approach for the surgical resection 
of bronchiectasis. The extent of resection depends on extent of the disease and 
cardiopulmonary reserve. Preservation of peribronchial tissues, short bronchial 
stump, and buttressing techniques are recommended to reduce postoperative air 
leak and BPF. The safety and feasibility of VATS in the treatment of bronchiectasis 
was shown in scant studies with low morbidity and mortality. The proper care after 
surgery should include bronchoscopic removal of secretions, pain control, chest 
physiotherapy, and appropriate antibiotic therapy.

In literature, the mortality rates after lung resection range from 0.41% to 8.3%. 
The most common causes of early mortality are respiratory failure, intraoperative 
bleeding, postoperative pneumonia, empyema, pulmonary edema, and cardiac-
related causes; while the most common causes of late mortality are respiratory 
failure, progressive respiratory disease, sepsis, coronary artery thrombosis, and cor 
pulmonale. The morbidity rates range from 7–38%. Atelctasis or sputum retention 
is the most common postoperative complication, followed by persistent air leak, 
pneumonia, and BPF. Most of the reported complications are minor, transient, and 
treatable. During follow-up periods between 9 months and 14 years, the proportion 
of asymptomatic patients (excellent improvement) after surgery ranges from 22.3% 
to 89.5%. Postoperative QOL is poorly addressed, but it can be improved after resec-
tion of functionless pulmonary segments.
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