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Preface

Pulmonary medicine obviously continues to be a discipline that is attracting bright,
dedicated, and sincerely adventurous individuals, a discipline that is rapidly evolv-
ing and changing. Though asthma and chronic obstructive pulmonary disease still
claim the role of “kings” in respiratory medicine, huge progress is being made also
in other areas.

Today, we live in an era of transition for pulmonologists, prompting John Hansen-
Flaschen, Professor of Medicine at the University of Pennsylvania, to call them
“spironauts™: scientists with a wider role both in critical care and sleep medicine.

Within this frame, this book, published by IntechOpen, focuses on interesting
aspects of pulmonary medicine. The first section of the book is dedicated to inter-
ventional pulmonology, and includes updates on bronchial thermoplasty, virtual
bronchoscopy, and endobronchial ultrasound. The second section highlights special
aspects of pulmonary circulation and pulmonary hypertension. Throughout the
book, the authors offer us not only a “vigorous” review of the current literature but
also a research path to further advancement.

Dr. Theodoros Aslanidis
Intensive Care Unit,

St. Paul General Hospital,
Thessaloniki, Greece
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Chapter1

Introductory Chapter: Whole
Lung Lavage for Pulmonary
Alveolar Proteinosis—The
Challenges Remain

Theodoros Aslanidis

1. Pulmonary alveolar proteinosis

Since its first description in 1958 by Samuel H. Rosen et al., understanding
pulmonary alveolar proteinosis (PAP) (or pulmonary alveolar lipoproteinosis or
pulmonary alveolar phospholipidosis) has made a tremendous advance [1].

Today, PAP remains a rare lung disease. Prevalence ranges from 3.7 to 40 cases
per million, depending on the country, and the incidence has been estimated to
be 0.2 cases per million. The main pathological mechanism behind the disease is
the accumulation of lipoproteinaceous material in the alveoli due to dysfunctional
clearance by alveolar macrophages or type II epithelial cells. There are three clini-
cally distinct forms: (1) congenital, caused by mutations in the CSF2RA gene on
chromosome Xp22.33 or impaired CSF2RB expression. The result is a dysfunctional
a or p granulocyte-macrophage colony-stimulating factor (GM-CSF) receptor
subunit. (2) Secondary pulmonary alveolar proteinosis develops in association
with conditions involving functional impairment or reduced numbers of alveolar
macrophages (hematologic cancers, pharmacologic immunosuppression, inhalation
of inorganic dust or toxic fumes, and certain infections). (3) Finally, autoimmune
PAP is initiated by immunoglobulin (Ig)-G anti-granulocyte-macrophage colony-
stimulating factor (anti-GM-CSF) antibodies, which decrease functional alveolar
macrophages [2].

Clinical presentation of PAP varies: dyspnea, cough, hemoptysis, fever, and
chest pain appear in a different range, while signs of chronic respiratory failure
(cyanosis, clubbing, inspiratory crackles) can be found in clinical examination.

Diagnosis demands appropriate serological, radiological, and bronchoscopic
evaluation and opting out other interstitial lung diseases [3].

2. Therapeutic options

Unfortunately, apart from the conditions in which etiological therapy is available,
therapeutic options remain limited. Supplementation of exogenous granulocyte-
macrophage colony-stimulating factor (GM-CSF) or strategies aimed at reducing
the levels of the autoantibodies, like plasmapheresis or rituximab—a monoclonal
antibody directed against the CD20 antigen of B-lymphocytes and ameliorates PAP
by decreasing anti-GM-CSF antibody concentration—are promising approaches.
Other options like stem cell or lung transplantation have more limited use.
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On the other hand, whole lung lavage (WLL) is the standard first-line therapy
[4]. Theoretic concept behind WLL is simple. Clinical and physiological improve-
ment is caused by the removal of lipoproteinaceous material and anti-GM-CSF
antibodies from the alveolar space. Additional immunological effects on the effector
cells (e.g., alveolar macrophages or type II epithelial cells) may also be included.

3. Whole lung lavage: the challenges

Due to the rarity of the disease, there are no guidelines regarding technical
details about WLL. Usually, a dedicated team, which includes experienced anes-
thesia and respiratory nurses, anesthesiologist, respiratory physiotherapist, and a
pulmonologist experienced in interventional pulmonology, is needed to perform
the procedure [5].

Indications for WLL also vary. In general, dyspnea-induced limitation of daily
activities is the rule, although decline in SpO, (>70% in room air), radiographic
worsening, decline in DLCO or FVC, and other symptoms have also been used [6].

Thus, timing between diagnosis of PAP and WLL varies from 2 months to
17 years, although most of the patients need WLL within a year from diagnosis
[5]. Time of repeating WLL depends on patient’s condition [2]. Available literature
reports an interval between 15 months and 3 years [7, 8]. Three (3) weeks interval
between right and left lung WLL is considered safe and long enough for clinical
improvement to arise [6]. However, bilateral WLL has also been performed without
any problems [9].

Usually, the procedure is performed first in the most severely affected lung.
Imaging techniques such as perfusion/ventilation scan can help in the final selec-
tion. Patient is positioned usually supine, although multiple positions, like lateral
decubitus, Trendelenburg, and prone, have also been reported [10].

The procedure is carried out under general anesthesia. The preferred technique
is total intravenous anesthesia, while volatile anesthetics has been used in cases
of bronchospasm. After preoxygenation, a left double-lumen endotracheal tube
(DLT) with minimum size 26 Fr is used for intubation and lung isolation. Right
DLT is avoided due to risk of right upper lobe orifice block [6]. Recently, there also
reports—still rare—of noninvasive ventilation (NIV) as alternative to intubation
with DLT [11]. The same is valid also for anesthesia, as reports are published for
WLL during local anesthesia and the use of fiber-optic bronchoscope [12].

Hypoxemia is common during WLL. Several strategies are suggested in order
to cope with the problem: positive end-expiratory pressure (PEEP) application,
manual ventilation of partially fluid-filled lung, intermittent double-lung ventila-
tion, concomitant use of inhaled nitric oxide, ipsilateral occlusion of pulmonary
artery of the non-ventilated lung via pulmonary artery catheter, hyperbaric oxygen
therapy, and parallel use of veno-venous extracorporeal membrane oxygenation
(ECMO) [6, 10, 13-16]. No guideline or data exist for the use of one method over
the others.

In most of the literature warmed (to 37°C) NaCl 0.9% is reported as lung fluid.
The total volume needed ranges from 30 to 50 liters [6]. The fluid can flow by gravi-
tational force in 500-1000 ml or FRC equivalent volume aliquots for 10-30 cycles.
The maximum pressure allowed should be below the sealing pressure of the ven-
tilated lung (between 30 and 50 cm). In case of fiber-optic bronchoscopic lavage
under local anesthesia, 50 ml aliquots are used [12].

The mechanism of protein transfer from the surfactant and blood into the
lavage fluid during WLL has not been sufficiently studied. A recent report suggests
a mathematical model—expressed with several differential equations—based on
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diffusion for the transfer of most of the substances. However, there are still compo-
nents of the alveolar proteinaceous material—mainly with low molecular weight—
which do not follow the suggested model [17].

Chest percussion with a wraparound vest or manual percussion by a physio-
therapist is applied for 3-5 minutes, in order to increase clearance of proteinaceous
material. This can be performed throughout the procedure (from installation to
removal of the fluid). Till now, there is no comparative study for the method of
percussion; still, some authors claim that mechanical percussion with vest is best
tolerated [10].

Intraoperative monitoring varies, yet it generally includes invasive arterial blood
pressure for serial arterial blood gases examination. Recently, lung ultrasound has
been also suggested as a promising method of monitoring the amount of saline used
for lavage and pick-up complications like pleural effusion [18].

In the immediate post-procedure phase, diuretics can help clearing fluid from
the lung [8], while follow-up is usually performed via chest X-ray or computer
tomography imaging [6].

Complication rate ranges from 0.8% for pneumothorax to 18% for transient fever;
other complications are hypoxemia, pleural effusion, pneumonia, wheezing, etc. [6].

Long-term efficiency of the procedure is generally good, though available
literature is limited.

4. Conclusion: time for a consensus?

Almost 70 years after its first application and despite the lack of an alternative
option, WLL performance and efficiency continues to rely mostly on local expertise
and experience. Yet, as the available database knowledge is increasing (especially
after 1990) and the indication for WLL include more and more conditions (i.e.,
pneumoconiosis, silicosis, lipoid pneumonia), it may be the time for a guideline or
for a minimum consensus upon to improve future procedure’ safety and efficiency
and facilitate everyday clinical decision-making.
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Chapter2

EUS-B for the Interventional
Pulmonologist Using the EBUS
Scope in the Esophagus

Yousef R. Shweihat and Shantanu Singh

Abstract

This chapter aims at introducing the interested Pulmonologist/Interventional
Pulmonologist to the esophageal ultrasound. In this chapter, we give short descrip-
tions of some technical aspects of the endobronchial ultrasound (EBUS) scope and
explain in detail why we believe the EBUS scope is well suited to be an esophageal
scope in the hands of the trained pulmonologist. The chapter then explains indica-
tions and benefits of this procedure that we consider central to the practice of chest
physicians. We also describe in steps how to reach each lymph node station using
the EBUS scope as a EUS scope (EUS-B) from our own experience. Procedure-
related complications and contraindications are also described.

Keywords: esophageal ultrasound, endobronchial ultrasound, lymph node stations

1. Introduction

Interventional pulmonary has witnessed substantial growth in the past few
years. A major factor in the growth has been the advent of endobronchial ultra-
sound (EBUS) as a staging modality for lung cancer and as a diagnostic tool for
diseases with mediastinal involvement. The development of EBUS was preceded by
esophageal ultrasound (EUS), and the literatures on both techniques have grown
in parallel. More recently, the efficacy and utility of an esophageal approach using
the EBUS scope (EUS-B) has been described to access nodes and masses acces-
sible during a single sedation to more accurately diagnose and stage disease either
via tracheal or esophageal route. Here, we describe relevant anatomy, procedural
techniques, indications, contraindications, and complications for EUS-B.

2. Technical aspects
2.1 EBUS bronchoscope

EBUS can refer to two distinct types of probes/scopes. Radial probe EBUS is
the first type, and was commercially available in 1992. It increased the yield of
transbronchial needle aspiration of mediastinal lymph nodes and is currently used
mainly to biopsy peripheral nodules or examines the different central airways
diseases. The second type is the convex/curvilinear probe EBUS bronchoscope.

It was introduced in 2002 and commercialized around 2004. In this chapter, our
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discussion is limited to the most widely available curvilinear scope manufactured
by multiple companies (Olympus, Fuji, and Pentax) with minimal differences

in characteristics. The differences between scopes are beyond the scope of this
text. The reader is encouraged to be familiar with the specifications of the scopes
and their relative US processors available at his/her institution. Some features

are worth mentioning though which are big difference between the EBUS and
conventional EUS scopes. The working tube of about 60 cm is much shorter than
the EUS. The largest intubating diameter at the tip of the EBUS scopes ranges from
6.7 to 7.4 mm. The remainder of the insertion tubes has a diameter of 6.3-6.4 mm.
The working channel diameter is from 2.0 to 2.2 mm. The ultrasonic transducer is
situated at the tip of the bronchoscope just distal to the video camera, light source,
and the working channel aperture. It emits ultrasonic waves that range from 5 to
12 MHz, and this depends on the ultrasound processor used and settings selected.
The ultrasonic scanning range obtained via these scopes is triangular in shape and
yields a 60-75° view parallel to the insertion tube. The tissue depth of ultrasonic
views and focusing capabilities can be altered and varies according to the ultra-
sound processor used. Multiple manufacturers offer single-use aspiration needles
available in 19G, 21G, and 22G with excellent puncture capability under ultrasonic
view. The design improves visibility on ultrasound images to enable a precise
puncture. After loading and securing the needle in the working channel, the needle
extends out of the channel and intersects with the ultrasonic view enabling the
endoscopist to control the depth and location of needle insertion into the lymph
node in a real time fashion.

2.2 Why the EBUS scope, not the EUS scope?

The EBUS scope is different in many ways from its counterpart used in the GI
tract. First, the diameter is almost half of any available ultrasound endoscope. In
our opinion, this makes the bronchoscope more comfortable for the patient, and
reduces sedation requirement. Second, the control part of the bronchoscope has
fewer controllers making it easier for the pulmonologist to handle. It is a design that
they are used to and comfortable using with no need for extra training to be able
to handle it. This in our opinion shortens the learning curve. Third, it enables the
thoracic physician to completely evaluate the mediastinum in one session using one
piece of equipment. This minimizes the costs of additional equipment and need
for additional procedure without compromising on patient management. Fourth,
the EBUS scope is shorter than the EUS scope, thus enhancing maneuverability.
This shorter length is well suited for sampling thoracic and mediastinal structures.
Sampling of the pancreas or abdominal lymph nodes is out of the scope and exper-
tise of most thoracic physicians. Added length of the EUS scope does not offer
additional advantage to a practicing pulmonologist.

3. Indications

One of the major advances in the treatment of lung cancer is the advent of
non-surgical pathologic staging using EBUS. The combination of EBUS and EUS
for sampling of mediastinal nodes allows near complete staging of the mediastinum
[1-3], which is equivalent, if not superior to mediastinoscopy in experienced hands
[4, 5]. Multiple studies showed the EBUS scope efficacious in serving the EUS scope
role (EUS-B) [6, 7]. The added benefit of the esophageal access in staging lung can-
cer comes from its ability to reach and locate lymph nodal stations that are impos-
sible to reach via the airways such as stations 3p, and paraesophageal lymph nodal
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Lymph node station EBUS EUS-B
1 ' _
2R + +
2L + +
3a - -
3p - +
4R + -
4L + +
5 - +
6 _ *
7 + +
8R,L _ N
9R,L _ N
10-12R,L + -

*reported using EUS but not EUS-B.

Table 1.
Lymph nodes accessible by EBUS vs. EUS-B.

Indications for EUS-B

Lung cancer staging, stations 3p, 8, 9, 5, and 4L and 7

Paraesophageal abnormalities not accessible via the airways

Mediastinal masses that can be approached through airway and esophagus, esophagus is preferred for patient
comfort

Sampling mediastinal lymphadenopathy of any etiology

Mediastinal pathology in critically ill or intubated patients

Sampling and drainage of mediastinal cysts

Bleeding diathesis (see text)

Table 2.
Indications for EUS-B.

stations 8 and 9 (see Table 1 for lymph node stations accessible by EBUS and EUS).
Given the literature on combined EBUS and EUS, it can be argued that EBUS and
EUS-B should be performed at the same time for all patients with suspected lung
cancer at institutions where rapid on-site cytologic evaluation is not available. This
approach is recommended by the European Society of Gastrointestinal Endoscopy
(ESGE) and European Respiratory Society (ERS) guidelines [8]. The utility of
EBUS and EUS-B is not limited to staging or diagnosis of lung cancer. The EBUS

has well documented advantages in diagnosing mediastinal lymphoma [9-11],
sarcoidosis [12-14], tuberculosis [15, 16], pulmonary parenchymal masses [17, 18],
and metastatic disease to the mediastinum [19], among others including infec-
tions [9, 20]. EUS-B has the same ability to investigate the mediastinum when such
conditions are suspected, since the utility of EUS is well documented in such disease
states [21, 22]. In addition, instances where a mediastinal mass or lymphadenopathy
is paraesophageal and paratracheal, the esophageal approach might be preferred,
especially when there is difficulty to access the airway due to patient intolerance

or if accessing the airway predisposes increase risk to hypoxemic, intubated, and
critically ill patients [23]. The indications for EUS-B are summarized in Table 2.

13
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4, Anesthesia

EBUS bronchoscopy is carried out under either conscious sedation or general
anesthesia with laryngeal mask airway (LMA) or intubation. EUS/B can be per-
formed in the same setting under general anesthesia or conscious sedation. Patient
tolerance seems to be adequate when conscious sedation is used [24]. Multiple drug
regimens are available for conscious sedation. We do not recommend one regimen
over the other. Local expertise, hospital policies, availability of an anesthesia team,
and costs govern the types of sedatives and techniques used. Institutional protocols
should be developed and followed to ensure safety of procedures. Even when LMA
is used, EUS-B can still be performed in the same setting as described below. This
is one benefit of EUS-B over conventional EUS. It is important to mention in this
setting that endotracheal intubation is not prohibitive of performing EUS-B and is
actually an indication as mentioned earlier. In the intubated and/or the critically ill
patient, EUS-B allows us the easiest and sometimes the only access to mediastinal
pathology. It is our experience that this approach does not require more sedation
than required for mechanical ventilation.

5. Insertion techniques for EUS-B

It is necessary to intubate the oral cavity (as opposed to the nares) when using
the EBUS scope. A “bite block” (in cases of intubation, in ICU and conscious
sedation) should be used to protect the scope from potential damage from a bite if
LMA is not used. An added oropharyngeal airway, such as the Williams airway, can
facilitate passage of the scope into the supraglottic/posterior pharyngeal space and
offer further protection to scope under conscious sedation.

When conscious sedation or endotracheal (ET) tube is used and once in the
posterior pharyngeal space, the scope can be advanced into the esophagus using two
basic techniques. The first “blind” technique involves holding the scope with the
ultrasound transducer facing the posterior pharynx. Patient is instructed to swallow
after instillation of topical lidocaine or saline. Once the patient starts swallowing, the

Figure 1.

After bypassing the epiglottis, to enter the esophagus, the scope needs to be placed behind the left arytenoid.
Vision will cease after that point and US vision should be used to assist locating the probe position in the
esophagus. Note: gentle pressure with some corkscrew or alternating mild upward and downward movements
on the scope lever will assist in entering the esophagus.
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scope can be advanced with gentle pressure, allowing the peristaltic wave to carry it.
Rapid minor alternating flexion and release of the scope using the control lever can
aid passage of the scope into the esophagus. If the blind technique fails, the scope can
be passed under direct visualization. The scope can be inserted with the transducer
(and visual field) facing anteriorly. Once in the posterior pharynx, the tip can be ret-
roflexed and the larynx visualized. The tip of the scope can then be passed posterior
to the arytenoids and to left with gentle pressure, see Figure 1. If resistance is faced,
the scope can be withdrawn and another attempt on the right side or midline can be
tried. It is important not to use excessive pressure if the scope does not pass easily. A
gentle corkscrew maneuver with gentle advancement is all that is required.

The use of the LMA is prohibitive of using the conventional EUS scope but not
the EUS-B. The LMA inherently obstructs the esophageal opening. Once the EBUS
scope is at the level of the larynx, the tip is pointed and scope placed behind the left
arytenoid. An assistant is asked to perform a jaw thrust maneuver that will elevate
the laryngeal structures and give enough space for the small EBUS scope to be gen-
tly passed into the esophagus. Once in the esophagus, the jaw thrust can be stopped
and procedure is continued. In our experience, with over 500 EUS-B procedures, we
have not experienced failure or a complication passing the scope into the esophagus
using any of these techniques.

6. Anatomic landmarks and organs studied

In contrast to EBUS in the airways, EUS-B relies entirely upon ultrasonic images
for localization; the esophagus has no internal landmarks for nodal mapping.
Because of this, lymph node stations are identified and numbered based upon their
relationships with other structures “seen” ultrasonographically through esopha-
geal wall. In addition, interpersonal variability exists between patients, and large
mediastinal tumors or abnormalities can alter the normal anatomy and displace or
compress the esophagus or other structures, thus altering the ultrasonic views and
anatomic relations. A computerized tomographic scan is almost invariably avail-
able. It is advised that the endoscopist carefully review patient anatomy prior to and
during the procedure to avoid sampling normal structures.

The mediastinal structures that can be normally seen and examined on EUS-B are:

1. Cardiac structures: left atrium, left ventricle, aortic valve, mitral valve,
pericardium

2. Thoracic aorta: descending, arch, root

3.Pulmonary vessels: left pulmonary artery, right pulmonary artery

4. Vertebral bodies

5.Mediastinal pleura and pleural effusion if large enough

6. Mediastinal lymph nodes

7.Liver

During the initial training for EUS, it is important to define a point of refer-

ence that the endoscopist can refer to during the procedure. In our practice, we
first identify the left atrium as a point of reference. The scope is advanced into
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Figure 2.

At 3—4 cm depth (dashed green), the left atrium (green arrow) can be seen looking anteriorly. Increasing the
depth to 57 cm and slight rotation can identify the aortic valve (ved arrow), root (orange star), and outflow
tract from left ventricle (blue x).

Figure 3.
Moving distally with slight rotation to left and increased depth can show the mitral valve (blue arrow) under
the LA (white circle).

the esophagus with the ultrasound transducer facing anteriorly until the atrium
can be identified. The atrium is easily identified due to its shape, its pulsating
nature, and great variability in size (compared to the great vessels) with contrac-
tions (Figure 2, also see Video at https://mts.intechopen.com/download/index/
process/324/authkey/bb9c02ba5640a4d21d4511e0a79f3621). A thin paper-like
echogenic structure can usually be observed moving inside of this anechoic

sac (of blood), this is the mitral valve (Figure 3, also see Video at https://mts.
intechopen.com/download/index/process/324/authkey/bb9c02ba5640a4d-
21d4511e0a79£3621). If the patient is in atrial fibrillation, this pulsating charac-
teristic is lost, but the mitral valve movement can still be identified that helps
localizing the atrium. In most instances, a slight rotation to the left is necessary
to identify the atrium and mitral valve. The depth of field of the ultrasonic
view can be altered. We usually leave it at 4 cm, but if in doubt, the depth of the
ultrasonic view can be increased to 7.5 cm, and this will allow viewing the left
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Figure 4.
At the lower end of the esophagus, looking to the right and anteriorly, one can identify the IVC (Yellow star)
and liver (ved X); the liver also can be seen anteriorly after the scope is passed distally.

ventricle and mitral valve and atrium easily. When using the increased depth

on the ultrasonic view, the root of the aorta and the aortic valve are also easily
identifiable (Figure 2, also see Video at https://mts.intechopen.com/download/
index/process/324/authkey/bb9c02ba5640a4d21d4511e0a79f3621). It is neces-
sary to mention here that slight variability exists between patients and moving
the scope inferiorly and superiorly or small rotations are necessary to identify all
of these structures. The pericardium is an echoic membrane that is almost always
separated from the left atrium by a rim of physiologic effusion in this view (a
dependent area just posterior to the left atrium in the supine position). When
this effusion is big, it can create some confusion to the endoscopist. It is always
important to identify the pericardium to avoid puncturing it. Rarely, a mediasti-
nal cyst can occur in this position, which can make the views confusing. Again,
increasing the depth on the US screen will help to identify cardiac versus non-
cardiac structures. In addition, the use of real time color Doppler will help to
separate a cystic structure from a vascular structure, see Figure 2. The liver can
also be noted and inferior vena cava can be examined too at the distal esophagus
just before entering the stomach (Figure 4, Video at https://mts.intechopen.com/
download/index/process/324/authkey/bb9c02ba5640a4d21d4511e0a79£3621).

6.1 Lymph node stations

In this section, we describe the anatomic definitions according to the eight edi-
tion of “Lung Cancer Staging Manual” [25]. We describe “how to reach” the lymph
nodal stations, according to our practice. The EUS-B maneuver starts from our
point of reference, i.e., the left atrium, in each of the descriptions stated below.

6.1.1 Station seven lymph nodes

Anatomic definition:

Mediastinal node limited by the carina superiorly and upper border of lower
lobe bronchus on the left and lower border of the bronchus intermedius on
the right.

Conventional name:

Subcarinal lymph nodes.
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Figures.
Rostrally from Figure 2. White arrow shows the pericardial recess, and the diamond is the right pulmonary
artery crossing the mediastinum. Note: a slight votation vight will show part of station 7 LN (green arrow).

EUS location:

This station can be located by slightly pulling the scope rostral above the level of
atrium. A slight right or left rotation of the scope is necessary to choose the optimal
view of the lymph node and avoid puncturing the great vessels. At the level of station
seven, the right pulmonary artery can be identified crossing to the other side of the
mediastinum (just deeper to the lymph node on the ultrasound screen, see Figure 5).

6.1.2 Stations 8 and 9

Anatomic definition:

Station 8: superiorly limited by the upper border of lower lobe bronchus on the
left and lower border of the bronchus intermedius on the right and extends down to
the diaphragm.

Station 9: superiorly limited by the inferior pulmonary vein and extends down to
the diaphragm. These lymph nodes are located within the pulmonary ligament.

Conventional name:

8: Paraesophageal lymph nodes.

9: Pulmonary ligament lymph nodes.

EUS location:

They are identified by rotating the scope right or left with gently moving it caudally.

Station 9 is identified as any node that associated (in close proximity to) the infe-
rior pulmonary vein and are within the pulmonary ligaments. Station 9 lymph nodes
can extend in the pulmonary ligament to the diaphragm, but the only “visible” part
of the station is at the junction of the inferior pulmonary vein with the left atrium.

Station 8 lymph nodes are paraesophageal lymph nodes. The upper border is
difficult to localize precisely by EUS but in general are the nodes that are on either
side of the esophagus below the superior border of the left atrium and extend down
to the level of the diaphragm. Of note, both superior pulmonary veins and inferior
pulmonary vein on the right are not always identifiable, the left inferior pulmonary
vein is almost always identifiable on EUS-B and serves as a landmark for both sides
of the mediastinum; it identifies the pulmonary ligament. It is hard to differentiate
between level 9 and level 8 near the level of the inferior pulmonary vein. The clini-
cal significance of this differentiation is almost nil, since the presence of metastasis
to these lymph nodes from a primary lung cancer indicates N2 if on same side or N3
if the primary cancer is on the other side.
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6.1.3 Station 4L

Anatomic definition:

Extends to the upper limits of the aortic arch and down to upper rim of the left
main pulmonary artery.

Conventional name:

Left lower paratracheal lymph nodes.

EUS location:

This can be reached with either of two techniques. First, from the reference point,
the scope can be rotated to the left lateral position then slowly withdrawn until the
left pulmonary artery is visualized, if the scope is withdrawn more, the arch of aorta
can be visualized. Station 4L is any node that is below the upper border of the arch
of aorta in that view and above the upper rim of the main pulmonary artery. The
second approach involves rotating the scope posteriorly from our reference point
anticlockwise; the descending aorta can be seen as a hypoechoic elongated structure.
The descending aorta can be followed upward until it starts to disappear. This is the
level of the arch, which can be followed through its course at that point by rotating
anteriorly (clockwise). Once the arch is identified, advancing the scope caudally will
identify the station 4 lymph nodes and left pulmonary artery, see Figure 6.

6.1.4 Station 5

Anatomic definition:

Superiorly limited by the lower border of the aortic arch and inferiorly by the
upper rim of the left main pulmonary artery. Note that this station is lateral to
ligamentum arteriosum, while station 4L is medial to that ligament.

Conventional name:

Subaortic (aorto-pulmonary window) lymph nodes.

EUS location:

This lymph node station can be identified using the same technique for the
station 4L. The only difference is that the station 5 lymph nodes are those that are
deeper to the ligamentum arteriosum and below the lower rim of the aortic arch.
The ligamentum arteriosum, when visible, is identified as an elongated hyperechoic

Figure 6.

Red star is the aorta, blue arrow (mass/ LN at station 5), orange cross is station 4L, green is the ligamentum
arteriosum separating 4L from station 5. Note: on US view that the ligamentum arteriosum can be seen as
dense, hyper-echoic structure connecting the inferior border of aorta to the pulmonary artery.
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structure connecting the left pulmonary artery to the aortic arch (Figure 6). It is
important to mention here that sometimes, one is faced with large lymph nodes or
conglomerate of nodes in this position; the differentiation between 5 and 4L can be
difficult. In our opinion, both stations carry the same staging implication if positive
for lung cancer (both are N2 or N3 disease, never N1) and the clinical benefit of
separating the two stations becomes minimal (this issue remains controversial), see
Figure 6.

Note: Video (https://mts.intechopen.com/download/index/process/324/
authkey/bb9c02ba5640a4d21d4511e0a79f3621) shows EUS-B scope looking
posteriorly from the reference point identifying the descending aorta; the
scope is withdrawn rostral while following the descending aorta. Once it starts
to disappear, the arch is reached. At that point, rotation clockwise to follow
the arch is performed. Positioned approximately in the middle of the arch, the
scope is pushed slightly caudally until the left pulmonary artery is identified.
Station 4L and station 5 are between the arch and the pulmonary artery. The
former is closer to the probe and the latter is beyond the echogenic ligamentum
arteriosum.

6.1.5 Station 2

Anatomic definition:

Superiorly, it is limited by apex of lungs and pleural cavity and upper border
of the manubrium on both sides. Station 2R is limited inferiorly by Intersection of
caudal margin of the innominate vein and trachea, while on the left (2L) is inferi-
orly limited by the upper border of the aorta.

Conventional name:

Upper paratracheal.

EUS location:

The 2L station are identified by same maneuvers as station 4L, once the aortic
arch is identified, withdrawing the scope to above the aortic arch identifies sta-
tion 2L location, this station extends all the way up to the level of the manubrium
anteriorly and the apex of the lung, both are hard to identify ultrasonographically.
Station 2R is slightly different. Station 2R is the lymph node station that is above the
level of the brachiocephalic vein and trachea intersection. Once the aortic arch is
identified, close attention needs to be paid to the vessels sprouting from it, the most
anterior one is the right brachiocephalic artery, this can be followed anteriorly and
once sight is lost, it is crossing the trachea. At that point, rotation to the right can
be done; station 2R lymph nodes are above that point. It should be noted that this is
not an accurate localization (since we cannot identify the BC vein), but it is the best
approximation that we could attain.

6.1.6 Station 3p

Anatomic definition:

Limited superiorly by the apex of the lungs and extends inferiorly to the level of
the carina.

Conventional name:

Retrotracheal.

EUS location:

From the reference point, one can withdraw the scope until right above the
level of station 7. The scope is then turned posteriorly. All posterior lymph nodes
(mostly with a slight rotation to the right) are considered 3p up to the upper
esophagus.
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Figure7.
Once in the stomach, looking posteriorly, one can identify the left adrenal gland (arrow).

6.2 Adrenal glands

Anatomic definition:

The adrenal glands represent the fourth most common site of metastasis for
lung cancer. Identifying left adrenal gland is easier than the right. The right adrenal
gland cannot be reached by EUS-B. The left adrenal gland is the more common site
of adrenal metastasis and easily accessible from the stomach. The endoscopist can
identify his presence in the stomach from identification of the stomach folds under
US guidance and by visualization of the walls. Several reports of successful biopsy
of the left adrenal gland have been described [26, 27], Figure 7.

7. Complications

Most of the data available here comes from the literature studying regular endo-
scopic devices. Endoscopy has proven to be a safe procedure. The rates of complica-
tions are probably comparable to that of bronchoscopy. These complications can be
classified into two main categories.

7.1 Conscious sedation/anesthesia related

Oxygen desaturation (defined as 4% decrease in hemoglobin saturation below
the baseline) can occur in up to 70% of cases without oxygen supplementation
[28]. Desaturations occur in both sedated and non-sedated patients. Sedation
significantly increases the risk of hypoxia [29]. Supplementary oxygen via nasal
cannula reduces the risk [29, 30]. Difficult intubation, therapeutic procedures,
increasing age of the patient, and concurrent pulmonary diseases all increase the
risk of these events [31, 32]. It is not known if mild desaturations (a drop of 4% on
the pulse oximeter) are clinically significant or not. Severe desaturations (pulse
oximetry <90%) are less common and can be abolished by the use of supplemental
oxygen [28, 32, 33]. The ASGE recommends the use of continuous monitoring
devices (pulse oximetry) to monitor for desaturations and correction of hypoxia.
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Cardiac complications during endoscopy are also commonly seen and range from
mild arrhythmias to severe hypotension and cardiac arrest. Tachycardia is probably
the most common arrhythmia seen [28]. A vasovagal response or discomfort from
insertion of the scope can be the cause of such a response. Hypotension related to
the sedation can also be seen. This can also result from the vasovagal response due
to gas insufflation (which is not used during EUS-B).

7.2 Procedure related

Procedure-related complications of esophagoscopy are rare. The major compli-
cations of diagnostic esophagoscopy include bleeding, perforation, and infection
[28]. Rarely, it would cause strictures or ulcerations. Most of the available literature
for EUS-B is from studies evaluating EUS and EUS-FNA of the upper GI tract. Very
few studies using EUS-FNA for purpose of lung cancer staging are available. These
generally do not comment on rate or types of complications.

Infections can be related to inadequate equipment disinfection, which can be
avoided by following the manufacturer guidelines. Another form of infection is the
introduction of bacteria to the blood stream or a sterile space (the mediastinum in
case of EUS/B-FNA). Episodes of transient bacteremia are a well-known occurrence
after upper GI endoscopy (up to 8% of patients) [34]. This is similar for EUS and
EUS-FNA according to few reports [35]. Most of these episodes of bacteremia are
transient and asymptomatic. Infectious endocarditis is extremely rare (1-5 x 107°).
Prophylactic antibiotics are not necessary for EUS-FNA, unless a cystic mediastinal
structure is being sampled [34]. Febrile episodes after endoscopy are also common
(about 1%) and are usually transient. Retropharyngeal abscesses have been reported
after conventional endoscopy. Isolated reports of benign mediastinal cyst infection
have been reported to follow EUS-FNA of these structures [36-38]. The risk for
these infections seems to be very small, but one should be aware of the possibility
[34]. The ASGE recommends prophylactic antibiotics at time of aspiration and for
3 days.

Perforation of the esophagus with EUS is a known but rare complication
(0.03%). Most of the reported data is on radial ultrasonic probes, and limited data
exist on the curvilinear probes. It seems that esophageal cancer, stricture, increased
age of patient, and an operator with <1 year experience are independent risk factors
for perforation [34].

Bleeding occurring can be intra-luminal or extra-luminal. While mild intra-
luminal bleeds after EUS-FNA is a relatively common and expected occurrence (up
to 4% in one report); extra-luminal bleeding is relatively rare or under-reported
due to difficulty in diagnosis [34, 39]. The only reported cases of mediastinal bleed-
ing for sampling of lymph nodes for cancer staging was after a transaortic approach
to periaortic lymph nodes (station 6) [40].

8. Contraindications

As for any other technology or procedure, common sense should prevail. If the
benefits of the procedure outweigh the risk, then the procedure is probably indi-
cated. We feel that, when present, certain diseases should be avoided and probably
considered as contraindications. Esophageal stricture greatly increases the risk of
perforation especially that the EUS-B is inserted and maneuvered blindly inside
the esophagus. A recent report suggests that the use of EUS-B in the presence of
esophageal stricture might be safe. The smaller diameter of the scope enabled
the operators to bypass the stricture and attain diagnostic materials in the cases
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examined [41]. Esophageal varices and portal hypertension should also be consid-
ered a contraindication due to the increased risk of bleeding from trauma to the
varices. Coagulopathy needs to be corrected and active GI bleeding is a contraindi-
cation to this procedure. We believe this procedure should only be performed where
back up GI or general surgery expertise is available, in case a complication arises.

9. Summary

In this review, we have tried to lay out an overview of EUS-B. EUS-B is a natural
sequel to EBUS for the interventional pulmonologist diagnosing thoracic disease.
EUS/B offers access to some nodes not accessible to EBUS, and to paraesophageal
masses, which are not also paratracheal. The esophagus is not housed in cartilagi-
nous rings and structures, a factor, which may make some high thoracic lesions
accessible to EUS-B alone. As with EBUS, FNA via the esophagus has an extremely
low rate of complications. EUS-B does not directly impair respiration. In some
cases, EBUS and EUS-B are appropriately performed concurrently, affecting an
economy of time, expense, and sedation risks. In short, EUS-B is complementary
to EBUS and should be integrated into the diagnostic armamentarium of interven-
tional pulmonology.
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Chapter 3

Bronchial Thermoplasty: A New
Therapeutic Option in Severe
Uncontrolled Asthma

Kumar Sachin

Abstract

Bronchial thermoplasty (BT) is a new endoscopic treatment approved by the
US Food and Drug Administration (FDA) in the management of severe refractory
asthma involving the delivery of controlled, therapeutic radiofrequency (RF)
energy to the airway wall. It is based on the premise of controlling bronchospasm
through a reduction of airway smooth muscle (ASM). Several clinical trials have
demonstrated improvements in asthma-related quality of life and a reduction in the
number of exacerbations following treatment with BT. However, several questions
remain regarding the use of BT, mechanism of action, selection of appropriate
patients, and long-term effects. Further studies are expected to elucidate the
underlying mechanisms that result in these improvements. This chapter discusses
key aspects of BT with a focus on the potential clinical effects of this promising
procedure. It also offers insight into the barriers to implementing a successful BT
program and strategies for overcoming them.

Keywords: severe asthma, bronchial thermoplasty, bronchoscopy,
airway smooth muscle

1. Introduction

Asthma is a common condition affecting more than 235 million people world-
wide [1]. Asthma is a chronic inflammatory disease characterized by variable air-
flow obstruction and bronchial hyperreactivity associated with airway remodeling.
Clinically, this manifests as recurrent episodes of wheezing, cough, dyspnea, and
chest tightness. Asthma treatment as of current standard is based on reducing
inflammation with inhaled corticosteroids (ICS) and relaxing airway smooth mus-
cle (ASM) with inhaled bronchodilators along with minimizing exposure to allergic
triggers [2]. While most patients achieve symptom control with these strategies,
there remains a significant cohort with severe asthma estimated at 5-10% who are
more difficult to treat. This group of severe asthmatics, however, is responsible for
a disproportionate share of the morbidity associated with the disease. The severe
asthma group is responsible for most of the asthma-related healthcare burden,
represented by the costs of hospitalizations, ER visits, physician office visits, and
use of medications [3-5]. This increased burden of severe asthma reflects the
inability of the existing treatment options to adequately control asthma in patients
with severe disease.
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Severe Asthma is defined by the American Thoracic Society and European
Respiratory Society as asthma requiring treatment with high-dose ICS and a second
controller medication (and/or systemic corticosteroids) to maintain asthma
control [6]. Unfortunately, therapeutic options for patients with severe asthma are
limited. Biologic therapy targeting IgE, IL-4 and IL-5 have been of particular
interest recently. In the past decade, new therapeutic approaches for asthma have
included the use of biological agents, such as omalizumab, a recombinant DNA-
derived humanized monoclonal antibody to IgE. However, in patients with severe
asthma with no indication for or those lacking a response to omalizumab, the new
targeted anti-IL-5 monoclonal antibodies including mepolizumab and reslizumab,
have been recently approved [7, 8]. However, they only appear effective in certain
subgroups of patients with asthma. Hence, new treatment strategies and approaches
are urgently needed for these patients. BT is a novel nonpharmacological therapy
which targets ASM in an effort to improve asthma control.

2. Airway smooth muscle in asthma

The airway smooth muscle (ASM) plays significant role in multiple normal
processes in the healthy airway, including control of bronchomotor tone,
immunomodulation, and extracellular matrix deposition. ASM cells in asthma
patients proliferate more rapidly than in non-asthmatic patients, resulting in an
increase in smooth muscle mass, with airway narrowing and loss of respiratory
function [9]. As a result, the proliferation and differentiation of mesenchymal cells
to myofibroblasts increases the deposition of extracellular matrix (ECM) and
smooth muscle cells [10]. All of the above modifications, in particular, ASM and
ECM deposition, increase the airway wall thickness, which correlates with severity
and duration of clinical episodes of asthma [11]. Bronchial remodeling, an increase
in ASM, has been shown to be related to clinical and functional severity of asthma
[9]. It has been shown that those with fatal asthma have an increased volume of
smooth muscle compared with nonfatal asthma [12].

These published findings led to the conclusion that smooth muscle cell alteration
is the fundamental structural change that distinguishes severe from moderate
asthma, and that phenotypic changes in ASM could contribute to reducing
control in subjects with severe asthma [13]. As a result, ASM has become
a therapeutic target.

3. Bronchial thermoplasty

BT is a nonpharmacological, novel endoscopic therapy that delivers controlled
RF thermal energy to the airway wall as part of a series of three bronchoscopic
procedures. It was approved by the US Food and Drug Administration for the
treatment of severe persistent asthma in patients aged over 18 years in 2010.It
involves application of RF thermal energy to the airways in asthma patients with the
goal of ablating the ASM. The first study of BT in human airways involved subjects
undergoing lobectomy for known or suspected lung cancer [14].

The current understanding is that BT can denature and destroy ASM and allows
the reduction of bronchospasm which in turn results in improved control of the
symptoms of severe asthma. Previous canine animal models have demonstrated that
BT causes almost complete destruction of ASM with moderate connective tissue
deposition when lung tissue has been examined histologically [15].
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Several clinical trials have demonstrated the long-term safety and effectiveness
of BT in terms of reducing exacerbations of asthma and improving patient quality
of life [16].

This chapter will summarize the information on mechanism of action,
procedure, efficacy, safety and patient selection, to better understand the path
forward for this promising technique.

4. Efficacy data in the short and long term: BT trials to real life

The first randomized clinical trial (RCT) evaluating the efficacy of BT was
conducted in 2006 by Cox et al. on 16 patients with stable mild-to-moderate asthma
[17]. In general, BT was well tolerated, with most of the procedure-related adverse
events occurring in the week following the procedure. Most of the events were
mild and transient and resolved spontaneously or required minor changes in
medications. There was a significant reduction in airway hyperresponsiveness as
reflected by increased PC20 (provocative concentration causing a 20% decline in
FEV1). In addition, there was a significant improvement in symptom-free days
(47 vs. 73%, P = 0.015) and peak expiratory flow rates measured at 12 weeks
following BT. Interestingly, there was no change in FEV1 during the 2 years of
follow-up. Chest CT was performed at 1 year and 2 years following BT did not
reveal any bronchiectasis or parenchymal lung disease [17].

Asthma Intervention Research (AIR) trial was the next major RCT in 2007. AIR
included 112 patients with moderate-to-severe asthma (FEV1 between 60 and 85%
of predicted) treated with BT [18]. Although, there were no differences in
prebronchodilator FEV1 percentage of predicted (72-74.3% vs. 75.8-75.7%,

P = 0.28) between patients who underwent BT and the control group when com-
pared to their pre-randomization baseline. There was, however, a significant
improvement in asthma symptoms as reflected by symptom-free days

(40.6 £ 39.7% vs. 17.0 £ 37.9%, P = 0.005), scores of the asthma control question-
naire (ACQ) (reduction, 1.2 + 1.0 vs. 0.5+ 1.0, P = 0.001) and asthma quality of
life questionnaire (AQLQ) (1.3 £ 1.0 vs. 0.6 + 1.1, P = 0.003). Moreover, there was
a significant reduction in mild exacerbations of asthma and an increase in the
morning PEF, in patients treated with BT [18].

In 2007, the Research in Severe Asthma (RISA) designed to evaluate the safety
and efficacy of BT in patients with severe, symptomatic asthma was published [19].
This smaller trial included 32 patients (15 randomized to BT) with severe
persistent asthma as defined by uncontrolled symptoms despite high-dose ICS
and LABA use. Patients in BT arm showed a significant improvement in
pre-bronchodilator FEV1. The improvements in ACQ and AQLQ score persisted
despite the reduction of OCSs and bronchodilators.

These results were promising, however questions remained over the true
efficacy of BT versus potential placebo effect as the RISA and the AIR trials were
unblinded [19]. The AIR-2 trial was designed to answer these questions.

5. AIR-2 trial

The largest RCT, AIR2, was a double-blinded, randomized, sham-controlled
study included patients who had uncontrolled asthma despite high-dose ICS and a
LABA [20]. A total of 190 patients were treated with BT and 98 control patients
received sham thermoplasty. The procedure was performed by an unblinded
bronchoscopy team and all the assessments and follow-up visits were conducted by
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Study Study population Study design Results

Cox etal. 16 patients with Non-randomized, Significant reduction in airway

[17] mild-to-moderate  prospective study hyperresponsiveness and increase of
stable asthma symptoms-free days. No changes in FEV1

Coxetal. 112 patients with ~ Randomized, controlled Improvements of asthma symptoms,

[18] moderate-to- trial symptom-free days, and AQLQ and ACQ
severe asthma scores, and reduction in mild

exacerbations. No changes in FEV1 and
bronchial hyperreactivity

Pavord 32 patients with Randomized, double- Significant improvement in FEV1 and ACQ

etal. [19] severe blind, parallel-group scores. Limitation: effective placebo
uncontrolled trial
asthma

Castro 288 patients with ~ Randomized, double- Increase of AQLQ score, and reduction of

etal. [20] severe, blind, controlled, rate of exacerbations, emergency hospital
uncontrolled multicenter-based trial  visits, and lost working days
asthma

Thomson 69 patients Long-term follow-up Significant reduction in airway

etal. [21] enrolled in the AIR study hyperreactivity and stability of FEV1. No
trial radiological changes

Pavord 14 patients Long-term follow-up Significant decrease of emergency hospital

etal [22] enrolled in RISA  study admissions. No changes of FEV1 value
trial

Wechsler 160 patients Long-term follow-up Significant decrease of emergency hospital

etal. [23] enrolled in AIR-2  study admissions

trial

Abbreviations: FEVI, forced expiratory volume in 1 sec; AQLQ, Asthma Quality of Life Questionnaire; ACQ,
Asthma Control Questionnaire; AIR, Asthma Intervention Research; RISA, Research in Severe Asthma.

Table 1.

Summary of clinical trials and long term follow up with BT in asthma.

a blinded team [20]. The primary outcome measure was to evaluate change from
baseline in average group mean Asthma Quality of Life Questionnaire (AQLQ)

score. In the BT group, a significantly greater proportion had a significant increase
in the AQLQ score compared with those who underwent sham bronchoscopy
(79 vs. 64%). There was also a meaningful reduction in the number of exacerbations
(32% risk reduction), emergency department visits (84% risk reduction) and days
lost from school/work (66% risk reduction) in those in the BT arm [20].

The results of these large RCTs are summarized in Table 1.

6. Long-term follow up and safety of BT

The earlier large clinical trials of BT showed marked improvements in asthma-
related quality of life and a reduction in the number of exacerbations and led to the
approval of the use of BT by the FDA in 2010 (Table 1). However, long-term safety
of BT was largely unaddressed, especially because of early concerns about thermal
tissue damage, possible subsequent risk of bronchial stenosis, and bronchomalacia
remained to be investigated. Recently, the results from the long-term follow-up of
patients enrolled in the AIR, RISA, and AIR-2 trials have provided some clarity in
this regard.

From the original study population of patients in the AIR trial, 45 patients
treated with BT and 24 control patients were followed for an additional 4 years
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(5 years in total) and an additional 2 years (3 years in total) respectively [21]. In
comparison to the control subjects, patients who underwent BT had similar rates of
adverse respiratory events, oral corticosteroid bursts requirements, hospitaliza-
tions, and emergency department visits. Further, patients treated with BT contin-
ued to show improvements in airway hyperresponsiveness lasting up to 3 years,
suggesting the long-term efficacy of the procedure [21].

A long-term follow up of the patients with BT included in the RISA study,
performed for a total of 5 years, showed a significant decline in emergency visits
and hospitalizations for an exacerbation of asthma, and no further deterioration of
FEV1 [22].

Similarly, in the AIR-2 follow up study, patients were also monitored for another
4 years to evaluate the long-term effects of BT [23]. Patients treated with BT
showed a definite decrease in severe exacerbations of asthma and emergency hos-
pital visits [23]. Interestingly, a recent large retrospective study of patients with
persistent asthma suggests constant exacerbation frequency despite continued high-
intensity therapy with high doses of ICS and LABAs [24]. Therefore, long-term
comparative head to head safety studies for the use of BT in the treatment of asthma
are nevertheless required in future also.

7. Patient selection for bronchial thermoplasty

Currently, BT is approved for patients with uncontrolled severe persistent
asthma despite the use of an inhaled corticosteroid and LABA. As per the recent
Global Initiative for Asthma (GINA) guidelines, it has been suggested that “for
highly-selected adult patients with uncontrolled asthma despite use of
recommended therapeutic regimens and referral to an asthma specialty center, BT
is a potential treatment option” (Grade B evidence) [25]. In general, BT remains
contraindicated in patients with a pacemaker, internal defibrillator, or any
implantable electronic device [25].

Prior to consideration of BT, patients should undergo a focused evaluation to
ensure that the diagnosis of severe asthma is correct, treatment is optimized, and
comorbid conditions are treated. A thorough history and detailed physical exami-
nation constitute the next step. In addition, workup as necessary to exclude an
alternative diagnosis, such as sarcoidosis, cystic fibrosis (CF), other non-CF
bronchiectatic lung disease, alpha-1 antitrypsin deficiency, and chronic obstructive
pulmonary disease (COPD) should also be carried out [26]. In general, full pulmo-
nary function testing as well as a high-resolution CT scan of the lungs is also
desirable. Before labeling it as severe asthma, the inhaler technique and adherence
are also evaluated rigorously, as corrective interventions have shown to improve
asthma control [27].

8. BT procedure

BT is based on the principle of endobronchial controlled delivery of RF thermal
energy to modify the structure of the airway wall thereby reducing the amount of
ASM with a device called the Alair BT System (Boston Scientific, Marlborough, MA,
USA). A bronchoscope with a disposable catheter with a diameter of 2.0 mm in the
operating channel is used to obtain better visualization and complete treatment of
subsegmental bronchi [17]. The distal tip of the catheter has an expandable four-
electrode basket, through which 65°C radio frequencies are delivered in order to
visible bronchial areas sequentially [17]. The correct order involves the right lower
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lobe (first session) then left lower lobe (second session), followed by both upper
lobes (third session). The right middle lobe is generally not treated because of the
remote possibility of obstruction and right middle lobe syndrome. A typical BT
session lasts about 30-45 min.

The entire visible length of each bronchus is treated with each pulse targeting
a 5 mm section of bronchus between 3 and 10 mm in diameter, starting at the
periphery and moving proximally. On an average the full treatment consists of
30-70 activations per lobe, up to 44 for the right lower lobe, 47 for the left lower
lobe and 60 for the upper lobes [21]. Successful BT comprises three procedures
performed at 20 day intervals [17]. Mild bronchoconstriction, mucous
hypersecretion, and minor bleeding related to superficial trauma are the most
commonly encountered complications. Patients are given systemic corticosteroids
and nebulized. Bronchodilators prior and after the procedure to minimize the com-
plications in the post procedure setting.

BT should be performed by an experienced bronchoscopist in an adequate set-
ting with appropriate clinical monitoring and the facility and expertise to address
any potential post-intervention complications. Mayse et al. has described the
appropriate assessment and monitoring of the patient before, during and after the
procedure [28].

9. What are the current guidelines regarding bronchial thermoplasty?

As per the current European Respiratory Society and American Thoracic Society
(ERS/ATS) guidelines BT is recommended in adults with severe refractory asthma,
despite optimal therapy, in the context of an institutional review board-approved
independent systematic registry, or for use in a clinical study only [29]. A recent
Cochrane Database systematic review also has the same recommendation and high-
lights the need for further studies on BT to determine the mechanisms of action in
patients with different phenotypes of asthma [30]. Interestingly the BT Global
Registry, a 2 year observational study is expected to provide new and valuable data
on BT, is currently recruiting patients [31].

10. Pharmacoeconomics of bronchial thermoplasty

BT is an expensive procedure, but recent studies have shown that the obvious
high cost may be at least partially balanced by the reduction in costs due to decrease
in acute exacerbations of asthma requiring emergency department visits and the
effects of improved quality of life for patients [32]. A subsequent study has con-
firmed that BT has a 60% chance to be more cost effective as compared with
omalizumab and standard therapy on the willingness-to pay of $100,000/quality-
adjusted life year [33]. Zein and colleagues also concluded that BT is a cost effective
intervention in patients with asthma at high risk of exacerbations [34]. However,

a study carried out in Singapore found that BT is not cost effective compared with
optimized asthma therapy unless the cost of the procedure is decreased so as to
make it more cost effective [35].

11. Conclusions

BT is the only FDA approved nonpharmacological treatment available for severe
asthma patients. In contrast to therapies for asthma targeting the underlying
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inflammatory response, BT specifically targets the ASM. Recent clinical trials have
established its safety, ability to improve quality of life and reduction in exacerba-
tions in patients with severe asthma. However, the exact mechanisms that underlie
these improvements seen with BT remain at best still poorly understood. Future
studies on the mechanism of action of BT, including phenotyping of patients and
treatment approaches in identifying the patients most likely to respond to this
therapy are expected to solve the existing conundrum.
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Chapter 4

Virtual Bronchoscopy for Tumors
and Traumatic Lesions of the
Airways

Kotlyarov Peter Mikhaylovich

Abstract

The given MSCT of 26 patients with tumoral damage of a trachea is analyzed.
Data of MSCT of 61 patients with tumoral damage of bronchial tubes of primary
and secondary genesis and hyperplastic lymph nodes are analyzed. In the analysis, a
comprehensive analysis of the native, post-processing data and volumetric recon-
structions allows more fully appreciating the nature of the changes, the topog-
raphy, the extent and prevalence of neoplastic lesions tracheobronchial system.
Differential diagnostics of benign and malignant lesions are conducted especially in
the stenotic lesions when execution of bronchofibroscopy was impossible. Virtual
bronchoscopy (VB) MSCT allowed determining the presence of a complete or
partial rupture of the main bronchus, its distance to the bifurcation of the trachea,
the state of the collapsed lung, the presence of fluid in the hemithorax, and second-
ary changes in the bone structures of the chest. The VB played an important role
in monitoring the adequacy of reconstructive measures on the damaged bronchus,
excluding the occurrence of postoperative stenosis. Virtual bronchoscopy of mul-
tispiral computed tomography with the capabilities of multiplanar and volumetric
reconstructions and post-processing image processing is an optimal noninvasive
method for determining the traumatic lesion of the main bronchi and monitoring
the success of the reconstructive surgical manual

Keywords: virtual bronchoscopy, multislice computed tomography, tumor airways,
traumatic bronchus rupture

1. Virtual bronchoscopy multislice computer tomography in diagnostics
of neoplastic lesions of the tracheobronchial systems

1.1 Introduction

The defeat of the tracheobronchial system (TBS) by cancer is 17.8% in men
and 3.7% in women [1]. Trachea, in addition to primary tumors, can be affected a
second time with cancers of the esophagus, thyroid, and lungs. A number of benign
tumors grow inside the lumen of the trachea and bronchi, causing a violation of
the lung ventilation. Large bronchi may be secondarily affected in the central and
peripheral forms of lung cancer [2-4]. The introduction of clinical practice of mul-
tispiral computed tomography (MSCT) clinical practice, new technologies of data
collection, and post-processing image processing allowed developing a program of
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3D reconstruction of the tracheobronchial system (TBS) with the ability to view

its inner surface in real-time virtual bronchoscopy (VB) [2-16]. In addition to VB
methods such as minimum and maximum intensity (MinIP, MIP) images, the mode
of shaded surfaces—VTR allow to assess the state of the outer wall of the TBS, the
relationship with adjacent organs and tissues [4, 5, 8, 16]. Comparison of the data
of FBS and VB of the zone of interest showed their coincidence in the evaluation of
the macrostructure of the bronchial lumen, the presence of intrabronchial tumor
masses, and their type and localization [4, 9, 12]. In addition, the study of the bron-
chus distal to the stenosis at bronchoscopy is difficult and VB is the only method
giving the possibility to evaluate the macrostructure of the bronchus beyond the
area of narrowing [2, 5, 16]. The restrained attitude to VB of radiologists of foreign
countries at the initial stage of data accumulation was replaced by a wide applica-
tion of the method in clinical practice, as indicated by a significant increase in
publications in recent years [2, 3, 7-13]. The purpose of the study is to clarify the
concept of VB techniques and their role in improving the diagnostic information
content of CT in the diagnosis and prevalence of neoplastic lesions of TBS.

1.2 Materials and methods of research

The MSCT data of 26 patients with tracheal tumor lesions were analyzed.
Adenoid cystic cancer of the trachea was observed in 10 (32, 25%) patients,
squamous cell in 6 (of 19.35%) patients, and neoplastic lesions of the tracheain 5
patients; the process has spread outside the body wall infiltrating the surround-
ing tissue. Of 10 (32, 25%) patients who had benign tumor, 4 had adenoma of the
trachea, 3 had polyp, and 3 had papillomatosis. We analyzed patients’ data of 61
MSCT with a neoplastic lesion of the bronchi of primary and secondary origin
and hyperplastic lymph nodes. Lung cancer took place in 35 (57.37%) patients,
metastatic lung damage and lymph nodes were observed in 5 (8.19%), and post-
inflammatory hyperplasia of the lymph node adjacent to the bronchus in 4 (6.55%).
In 17 (27, 86%) patients, benign bronchial formations of adenoma—38, polyposis—35
and papillomatosis—4 were revealed.

The diagnosis was verified in all patients in the process of material sampling in
FBS and morphology according to the results of surgery.

MSCT was performed on 128-slice computed tomography company “GE
Healthcare”, model “Optima CT 660”. Post-processing data processing, obtaining
virtual bronchograms, and 3D imaging were performed at the workstation“Optima
CT 660”. ITocTmporieccuuroBast 06paboTKa JaHHBIX, TOTYYEHHE BUPTYATBHBIX
oponxorpamm. 3D u3o6paskenuii mpoBoauiIacs Ha paboueii craniuu Advantage
Workstation (GE). Toshiba Aquilion 16 (16-slice) and Aquilion ONE (320-slice)
according to the previously described method [4-6, 26]. A comparative analysis of
the value of different methods of MSCT VB in determining the lesion of TBS showed
the need to use them in a complex for the full characteristics of both the intralumi-
nal part of the trachea, carina, the main bronchi, and the outer wall in the images
of the minimum (MinIP) and maximum intensity (MIP). For the reconstruction of
3D data in the images of virtual bronchoscopy, the technique of three-dimensional
modeling was used, which produced a three-dimensional array with the display of
the inner and the outer surface of the bronchi. Based on these data, a VB examina-
tion of the tracheobronchial tree was performed using VB fly-through method and
volumetric reconstruction of the lung and its structures. In order to obtain the outer
surface of the lung, trachea, or bronchi, the technique of obtaining an image of
shaded surfaces and volume conversion was used. The complex analysis necessarily
includes the data of native MSCT, the results of which allow avoiding false positive
and negative conclusions in the presence of mucus and scar changes in the TBS.
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1.3 Results of a research

Data of CT VB of 16 patients with cancer of the trachea were analyzed. At VB
tumor mass spreading inside the body lumen was multinodular masses presented
heterogeneous density and narrowing the lumen of the organ. The tumor was
localized on the wall of the trachea with a wide base, spreading along it or circularly.
The tracheal rings of the affected area were not visualized. Followed by multiplanar
image reconstruction in MinIP mode, shaded surfaces and volume data transforma-
tions allowed visualizing the distribution of neoplastic lesions in the wall of the
trachea, the length and volume of the lesion, and the degree of overlap of the organ
lumen (Figure1). In 11 patients, the tumor was localized within the tissues of the
organ, without infiltrating the surrounding tissue, and in 5 patients, the tracheal wall
sprouted and spread to the mediastinal tissue and esophagus (1 patient). In 6 out of
11 patients, the outer edge of the wall had a flat surface and the tumor process spread
mainly along the inner surface of the organ, without infiltrating the wall. Thickening
of the tracheal wall was observed in five patients, indicating its tumor infiltration.
The nonorgan part of the tumor was heterogeneous and multi-nodular, without clear
contours with the surrounding tissue. Tumors of the trachea chaotically accumulated
a contrast material during bolus contrast enhancement. Followed by multiplanar
reconstruction in MIP and MinIP modes, an unorganized component of the trachea
cancer was clearly identified. Signs of esophageal germination were compression,
overlapping of its lumen, and dilation above the site of infiltration (one patient).
Increased regional lymph nodes (diameter 13-17 mm) were additionally determined
in five patients, indicating a high degree of probability of metastatic lesions. This
MSCT VB did not allow determining the morphological variant of malignant lesions
and the state of the tracheal mucosa of the affected area and intact areas.

mlv.ﬂ
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Figure 1.

AQ-Adenocystic cancer of a trachea — On the right — MSCT — on the right — a sidewall of a trachea is defined
the tumor on the wide basis (sagittal section), uneven, hilly contours sprouting the right — a trachea sidewall
(an axial cut). At the left below — VB — the hilly tumor on the wide basis stenoses a trachea lumen (carrying
out BFS is impossible); at the left above — VB — distalny tumors a wall of a trachea of an intact.
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The MSCT data of 10 patients with benign tracheal formations were analyzed.
Benign formations were characterized by a smooth surface, homogeneous internal
structure, no infiltration of the wall, and the destruction of the cartilage of the trachea.
Benign tumor of the trachea performed into the lumen of it making its lumen nar-
rowed (Figure 2a, b). Focal changes emanating from the exterior pushed them to the
opposite side without narrowing of lumen and signs of infiltration of the exterior wall.

Faxlal eut - deformation of a earina of a trachea due to

tion of unilorm structure

Mt

Pk AR

Figure 2.
a. Carina adenoma of a trachea — MIB, axial cut — deformation of a carina of a trachea due to formation of
uniform structure. b. VB — in the field of a carina is defined the correct form, a smooth surface tumor.
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With growth in the direction of the esophagus, the latter was also pushed aside
by the formation without signs of its infiltration. Papillomatosis, polyps manifested
by visualization of smooth, on the peduncle, the correct form coming from the
mucous linear structures localized on the side wall of the trachea (Figure 3).

As shown by the combined analysis of native MSCT data and VB techniques
(fly-through, MinIP, MIP, and 3D reconstruction), this approach is highly effective
in the predictive test of the nature of both primary and secondary organ damage.
Benign formations (adenoma, polyp, and others) were characterized by the pres-
ence of peduncles, linking the formation and mucous trachea, the wall of which was
not thickened or infiltrated. The benign one went out into the lumen of the trachea.
It had the right shape, smooth surface, and homogeneous structure. Secondary
displacements of the trachea by benign processes emanating from the mediastinum
and the esophagus are manifested by the displacement of the organ to the opposite
side from the formation, without signs of infiltration of the wall.

Thus, the signs of malignancy tumors of the trachea were wide base and destrac-
tion of the adjacent cartilage structures, a rough bumpy surface, infiltration of the
wall of the trachea in length, the output of the process beyond the body with tissue
infiltration in the mediastinum, spreading to the esophagus. Additional signs of
malignancy of changes were visualizations of enlargement of regional lymph nodes.

The data of MSCT VB in 35 patients with lung cancer were analyzed. Three
variant neoplastic lesions of the bronchi, mostly peribronchial, intrabronchial, and
a combined form of infiltration were observed. As a result of the study, according to
the methods of VB fly-through, the leading method of determining the macrostruc-
ture and the border of the intrabronchial lesion that were inside the lumen of the
bronchus, multinodal, polypoid masses were visualized, usually located on a wide
base, narrowing the bronchus down to complete obstruction (Figure 4a, b).

The cartilaginous structures of the bronchus in the affected area were not visual-
ized. The distribution of the lesions in the area of the branching of the bronchi last

Figure 3.
Trachea papillomatosis, MSCT, an axial cut, processing of MIP the mode — visualization of papilloma up to
right-tracheas of a sidewall.
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Figure 4.

a. gCancer of a lower lobe bronchial tube on the right — MinIP, frontal reconstruction, in a gleam of a lower
lobe bronchial tube — the hilly masses, hypoventilation of the lower lung lobe on the right. b. VB — the hilly
tumor on the wide basis stenoses a lumen of a lower lobe bronchial tube the vight lung lower than an until the
discharge of a midlobar bronchial tube.

lost “pointed” appearance and grew deformed. Carina of the trachea with peribron-
chial spread the tumor from smooth and it turned into tumor growths covered with
shapeless structure. Image of the trachea and bronchi in MIP and MinIP modes and
3D volumetric reconstructions completed the picture WB flythrough, allowing to
evaluate the association of intrabronchial mass with pulmonary part of the tumor,
and thus, to obtain a holistic view of the prevalence of lung cancer (Figure 5a, b).

In peribronchial infiltration (four patients with central cancer), semiotic signs
in the mode of MinIP were visualized with varying degrees of local narrowing of
the bronchial lumen. The transition of a changed plot of pathologically unchanged
tissue of the bronchus was a border infiltration and was a “bayonet-like” extension
of the lumen. The analysis showed the presence of sub-variants of peribronchial
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Figures.

a. Peripheral cancer of the right lung with centralization a) MIP, frontal reconstruction of 20 mm, a tumor
grows up to a superlobar and intermediate bronchial tube. b. VB — in a proximal part of an intermediate
bronchial tube tumoral masses.

tumor growth—circular, when they infiltrated all the walls of the bronchi and
focal-segmental, in which the tumor struck one of the walls of the bronchus.
Method VB fly-through was detected in this group of patients, along with narrow-
ing of the lumen of the bronchus and the disappearance of the rosary-like structure
of the bronchi due to infiltration of the cartilaginous structures.

The mixed variant of TBS infiltration was characterized by a combination of
symptoms of one and two variants of VB (six patients with central and two periph-
eral cancer). In addition to intrabronchial component of the tumor, peribronchial
growth was determined in the direction of the main, lobar bronchi, trachea.
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One of the tasks of MSCT in lung cancer is to determine the boundaries of tumor
infiltration and its prevalence in the proximal TBS, which is essential for the plan-
ning of the operation. This is due to the close connection in the area of the gates of
the lungs and bronchi, large arterial and venous vessels, lymph nodes, and fibrous
changes as a result of previous inflammatory processes, which make it difficult
to detect tumor infiltration of the main bronchi and trachea according to native
CT; however, it is essential for the planning of surgery [17]. Data native MSCT are
not always enough to fully answer the question of the defeat of the trachea in lung
cancer. Tumor infiltration can be observed in both central and peripheral cancer
with centralization. Signs of infiltration at fly-through VB main bronchus, the tra-
chea was narrowing of the lumen, no visualization of cartilage structures: bronchi
become deformed tubular structure. The area of preserved cartilage structures
indicated the edge of tumor infiltration. According to MSCT VB, three options of
neoplastic lesions of the trachea with lung cancer were allocated—predominantly
paratracheal (two patients), mainly intrabronchial (three patients), and combined
form of infiltration (one patient). In the first variant—peritracheal infiltration—the
leading technique was the analysis of images of MinIP, which allowed to clarify the
data of the primary MSCT. Semiotic signs in the MinIP mode of infiltration of
the external part of the trachea by the tumor were local narrowing of the tracheal
lumen. The boundary of the infiltrated tissues, as in the case of bronchial lesions,
was determined by the place of visualization of cartilaginous rings and the expan-
sion of the tracheal lumen. With mainly intra-tracheal tumor growth, the leading
technique for determining the macrostructure and the lesion boundary was VB and
images in MinIP and MIP mode. When this cartilage structure was not visualized,
the lumen bumpy, polyp-like mass. Cartilaginous structures of the affected area
were not visualized (Figure 6a—c).

3D reconstructions in the mode of semitransparent or shaded surfaces were
auxiliary in nature, giving a volumetric representation of the extent of changes
and supplementing the data of both methods, both in the presence of changes and
the boundaries of infiltrative changes. Construction of 3D reconstructions made it
possible to obtain a three-dimensional image of the pathology zone and surround-
ing tissues, including vessels, comparing them with the tumor array, which allows
for virtual reconstruction of the surgical intervention zone for optimal choice of
surgical tactics.

In five patients, metastatic lesions of the lungs and lymph nodes of the organ
gate were revealed (primary kidney cancer in three and colon cancer in two
patients). Part of the foci infiltrated segmental, lobar bronchi, enlarged lymph
node packages caused their compression, which led to a violation of ventilation
of the affected segments and lung lobes up to the development of atelectasis. In
VB fly-through of affected bronchi, narrowing lumen nodules and changes in the
macrostructure of the bronchial wall in the infiltration zone were clearly identified
as secondary foci when compared with the results of the analysis of MinIP images
of the zone of interest and data of the native MSCT. When compression of the
bronchus of the affected package metastatic lymph nodes were detected luminal
narrowing without signs of the wall infiltration (Figure 7).

The MSCT data of 17 patients with benign tracheal formations (adenoma, polyp,
and others) were analyzed. Benign tumors were characterized by the correct form,
a smooth surface, a homogeneous internal structure, the absence of infiltration of
the wall, and destruction of the cartilage of the bronchial wall. The localization in
the mucous membrane of the tumor was visualized in the lumen of the bronchus,
causing narrowing (Figure 8).

Papillomatosis, polyps manifested by the visualization of smooth, on the
peduncle, the correct form of the structures emanating from the bronchial
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Figure 6.

a. Central cancer of the top share of the right lung, an atelectasis of the top share, spread of a tumor on a
primary bronchus, a trachea — MinlIPB, frontal veconstruction. b. MSCT — an axial cut — the right primary
bronchus is narrowed due to tumoral infiltration, suspicion on tumoval damage of a trachea. c. VB — the view
from a trachea — the vight primary bronchus is narrowed, the tumor extends to the right semi-circle of a trachea
and a carina.

mucosa. In some cases, the external pressure of the adjacent single enlarged lymph
node can simulate a benign tumor (four patients). Comprehensive data analysis

of native MSCT and fly-through VB allowed to determine that the deformation
and narrowing of the lumen of the bronchus was associated with the presence of
external pressure adjacent to the bronchial lymph node (Figure 9). The presence
of visual information made it possible to develop a “road map” to perform FBS in
order to determine the optimal place for the collection of material for cytological
examination, to calculate the depth of the puncture of the wall of the affected
bronchus part.

As shown by the combined analysis of native MSCT data and VB techniques,
this approach is highly effective in predictive testing of the nature of both primary
and secondary TBS lesions. In benign formations (adenoma, polyp, and others),
the macrostructure of cartilage structures was preserved, and there was no infiltra-
tion of the surrounding tissues. The benign one was protruded into the lumen of
the trachea and had the right shape, smooth surface, and homogeneous structure.
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Figure 7.

Kidney cancer, secondary damage of lungs, lymph nodes, narrowing deformation of bronchial tubes,
hypoventilation of the top share of the right lung — VB — tumoral masses stenose a superlobar bronchial tube of
the right lung.

Figure 8.

Adenoma of the right intermediate bronchial tube — on native CT (the right part of fig.) in a lumen of
the right intermediate bronchial tube is defined tumor which on the VB proceeds from a mucous wall of a
bronchial tube, equal accurate contours, the macrostructure of a bronchial tube is kept.

Malignant lesions were characterized by the presence in the lumen of lumpy tumor
masses and the disappearance of the annular structure due to the destruction of
cartilage. Peribronchial, paratracheal growth was determined by the narrowing of
the lumen with the disappearance of the ring-shaped cartilaginous structures.
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Figure 9.

Deformation of a wall of a bronchial tube under external influence — in distal department of the left lower
lobe bronchial tube is defined the lymph node, adjacent to a bronchial tube, deforming a bronchial tube
without destruction of cartilages. According to morphology (FBS) — in a lymph node signs of-

1.4 Discussion

The study showed that complex analysis of VB, post-processing images, and
native MSCT data allowed obtaining additional information about TBS in lung
cancer, secondary lesions, and benign tumors. In contrast to the previous studies,
when only the method of VB fly-through was used, it does not allow to agree with
the opinion of the authors about the limited possibilities of VB in lung pathology
[9, 10]. Most of the studies on VB are based on individual clinical observations and
literature data [10, 11, 14, 15]. Our study was conducted on the basis of the analysis
of significant clinical material with the development of semiotic signs of TBS
lesions and assessment of the diagnostic value of VB methods of their combined
analysis with the results of native MSCT. Overall, our opinion about the necessity
of wide application in clinical practice CT VB coincides with the result of the work
appeared in recent years [11, 13, 15].

1.5 Conclusion

Virtual bronchoscopy of multispiral computed tomography has the possibilities
of multiplanar and volumetric reconstructions, post-processing image processing
optimal method of diagnosis, determining the probable nature of tumor lesions
of the trachea, the prevalence of the process, both outside the body and secondary
invasions. In some cases, in stenotic lesions of the trachea, MSCT VB becomes the
method of choice in assessing the prevalence of the process. Virtual modeling of
intraluminal tracheal tumor, with the data about the surrounding tissues, provides
valuable information for the planning of radical treatment.
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2. Virtual bronchoscopy multislice computer tomography at traumatic
damage of a primary bronchus

2.1 Introduction

Injuries of main bronchi (MB) result from traumatic injury of lungs, as a rule,
are combined with injuries of bones of a thorax area. The full separation MB rather
rare complication at a thorax injury can be met in 1-3% of cases. In 80% of patients,
the rupture comes at the level of bifurcation of a trachea or within 4-2.5 cm from
bifurcation of a trachea. Ruptures of MB tubes are met more often on the right.
Depending on the severity of the injury, various degrees of damage to the main
bronchus are observed—from a small tear to a complete rupture with a divergence
of its fragments (partial or complete rupture) are observed [18-20]. The most
common clinical manifestations of rupture are chest pain and cough, often accom-
panied by hemoptysis, shortness of breath, cyanosis due to intense pneumothorax
with lung collapse and mediastinal displacement, possible presence of emphysema
of the soft tissues of the chest wall and in the neck, and retraction of intercostal
spaces. In complicated cases, the presence of intense mediastinal emphysema with
extrapericardial cardiac tamponade is noted [21]. Existence or absence of pneumo-
thorax and emphysema generally depends on character and localization of a wound
MB. In cases of intrapleural ruptures of the primary and lobar bronchi, there is a
tension pneumothorax. At a rupture of a primary bronchus, the lung is switched off
from function of breath [22].

Diagnosis of traumatic damages of MB in patients with a thorax injury is a task
of tactics of patient treatment; prevention of heavy complications depends on early
identification of a rupture of bronchial tubes and a trachea [23]. A MSCT with
intravenous administration of a contrast agent the leading noninvasive diagnostic
method of consequences of blunt injury of thorax, including their traumatic dam-
age (separation) of a bronchial tube [24-26]. In available literature, studies about
the role of the VB of MSCT at traumatic injuries of MB are not found.

2.2 Materials and methods of the research

Data of the VB of MSCT of 10 patients with traumatic injuries of MB as a result
of the combined injuries of a thorax—falling from height—3 patients, car acci-
dents—4 patients, and motorcycle—?2 patients were analyzed. All patients were
brought to the clinic of institute for carrying out reconstructive operations on a
primary bronchus from ambulance where they were brought directly after a trauma
and received primary medical care and anti-shock therapy.

In seven patients, the rupture was right, and in three, left MB took place (RMB;
LMB). The closed pneumothorax took place in eight and opened in two patients. At
physical checkup, the expressed dyspnea amplifying at loading, percussion - obtu-
sion of a pulmonary sound, lack of breath. When conducting pneumoscintigraphy
with TC-99 m-Makrotekh, a decrease in the size of the lung reduced diffuse
inhomogeneous accumulation of the radiotracer at the affected side. The total func-
tion of the affected lung was 17-21% and left 82-87%; the difference was 65-66%
and violation of 3-4 violation stage capillary blood flow. Capillary blood flow in
the intact lung was not disturbed. Traumatic rupture of the MB in all patients is
accompanied by fractures of the ribs with displacement on the side of the lesion
and hemopneumothorax. All patients underwent reconstructive surgery-isolated
resection of the damaged main bronchus with the imposition of tracheobronchial
anastomosis. CT with bolus gain of 80-100 ml of the radiopaque medium was
carried out on AquilionONE CT scanner (320-slice). Data of native MSCT were
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supplemented with 3D-volume, multiplanar reconstruction, MinIP mode, and the
VB of fly-through at the earlier described technique [4-6, 26]. Controls were carried
out in 14-15 days after the transfer from resuscitation to chamber and 40 and more
days after operation. Data of the VB of fly-through were compared with results of a
bronchofibroscopy (BFS).

2.3 Results of the research

Native MSCT revealed a collapsed lung and a stump MB was defined. Shift of a
mediastinum towards the injured lung and existence in a pleural cavity of nonuni-
form liquid content (with a density up to 45 HU) were noted. The break of MB was
defined at distance of 4-30 mm from bifurcation of a trachea—at this length below
a carina, the stump of MB tied from tracheas, distal lumen MB, and lobar and
segmental bronchi were not visualized. There was hemo, pheumothorax, fractures
of ribs, a humeral bone, in 3 - hypodermic emphysema. MSCT with contrast
enhancement—the vascular peduncle of the affected lung was safe (Figure 10). VB
fly-through in all patients revealed various localization break of a primary bronchus
through which the pleural cavity with the collapsed lung and existence of level of
liquid in a hemithorax were seen. In the area of a rupture, all patients had an uneven
bronchial tube stump perimeter because of the “fragmentary” nature of damage
(Figure11a, b).

At survey of a trachea, a carina, a contralateral MB, and its branching of data
for pathological changes were not revealed. According to FBS data localization, the
extent and the nature of the line of a rupture of MB coincided with results of the
VB (Figure 11c). 3D volume, multiplanar reconstruction, and the image of TBS in
MinIP mode significantly supplemented the localizations given by MSCT and VB
fly-through in identification, prevalence of traumatic damages, and planning of
operation.

Thus, a complex of techniques of the MSCT and VB allowed giving full informa-
tion about a condition of a trachea, macrostructural changes of the injured MB,
and secondary complications of a lung, to receive virtual model of a zone of inter-
est for planning of an operation. Data of MSCT with contrast enhancement and

. mediastnnm shift 1-:'; the r'i'g.-hT_ liequid ir a)

Figure 10.
The fallen-down lung ave visualized his safe vascular leg, mediastinum shift to the right, liquid in a pleural
cavity, hypodermic emphysema on the right.
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Figure 11.

a. %/B of fly-through — break of the vight main bronchial tube, liquid level in the vight hemithorax, the
“fragmentary” nature of the line of a rupture of a bronchial tube (shooter). b. The same patient close-up, the
edge of the collapsed lung (arrow) (A). The trachea, carina is not damaged (B). Navigator (C). c. FBS — data
on an internal macrosturcture of a stump of a bronchial tube, area of a gap is distinctly traced, a condition of
tracheas and LMB coincide with vesults of the VB.
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multiplanar reconstruction specified a condition of a vascular lung peduncle on
the party of defeat, a complication from a bone skeleton of a thorax, availability of
liquid in a pleural cavity, and pneumothorax options.
In 14-20 days after surgical treatment patient control MSCT at an operated lung
was carried out; a small amount of air was found in a pleural cavity. At MSCT, it
was defined that the lumen of the reconstructed MB was shortened, narrowed, and
deformed in the area of an anastomosis. Air filling the lung, MB, and segmental
bronchi was restored, the lung completely filling hemithorax. The lumen of the
reconstructed bronchial tube was narrowed in the area of reconstruction (Figure12).
MSCT control in four and more months after operation in all patients revealed
that the lung was completely normalized, and air and liquid in a pleural cavity were
absent. The VB stated restoration of a lumen of a main bronchus with existence of
deformation of a lumen in the area of an anastomosis. Similar data on a macrostruc-
ture of a zone of an anastomosis were obtained at FBS (Figure 13a, b).

2.4 Discussion

As shown, the conducted research of the VB of MSCT gives the chance of a
visual estimation of a macrostructure of area of a posttraumatic rupture of MB and
assessment of a condition of a trachea and bronchial tubes of a contralateral lung.
The comparison of data of FBS and VB showed their full identity in visualization of
anatomy of an internal surface of TBS that allows in believing that the VB of MSCT
can be a method of choice in monitoring of dynamics of post-operational changes of
the reconstructed MB. Combined analysis of the reconstruction of native CT and 3D
images in MinIP mode allows studying also an external wall of a bronchial tube that
is inaccessible to FBS. VB allows creating a virtual model of area of reconstructive
intervention that plays an important role in its planning. As we noted in the introduc-
tion, studies on VB traumatic damage to the main bronchi of the lung us were not
found in available literature (except the clinical observation published by us) [27, 28].

S — -

Figure 12.
14 day after reconstructive operation on RMB. MSCT, the frontal plane, MinIP the mode — the right lung is
straightened, in the right pleural cavity a small amount of aiv, the formed fibrous ring in RMB (shooter).
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b

Figure 13.

a. 3 months after reconstructive operation on RMB — VB of fly-through — the lumen of RMB is restoved,
narrowed due to fibrous changes. b. FBS — given bronchofibroscopy coincide with results of a VB on a
macrostructure of an internal surface of a bronchial tube.

2.5 Conclusion

At traumatic damages of TBS techniques of the VB MSCT allow to define dam-
ages of primary bronchi with high precision, to carry out monitoring of efficiency
of reconstructive operations. The combined analysis of multiplanar reconstruc-
tion, post-processing, 3D images, and the VB of fly-through allows estimating
both internal and external walls of a bronchial tube, to receive the virtual image of
reconstructive intervention zone.
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Chapter 5

Pulmonary Vascular Reserve and
Aerobic Exercise Capacity

Vitalie Faoro and Kevin Forton

Abstract

Pulmonary circulation has long been known to have specific proprieties of
recruitment and distention to keep the hemodynamic pressure low even when
facing very high blood flow. Aerobic exercise especially at high intensity has the
particularity to increase considerably the cardiac output. The ability of the pulmo-
nary circulation to face high blood flow with maintaining low pressures is consid-
ered as the pulmonary vascular reserve. Furthermore, high pulmonary vascular
reserve has been shown to be characterized by low pulmonary vascular resistance,
high pulmonary vascular distensibility, high pulmonary capillary volume, and high
lung diffusing capacity allowing for lower ventilation at a same metabolic cost. The
pulmonary vascular reserve thus reflects the capacity of the pulmonary circulation,
including the capillary network, to adapt to high exercise levels. Interestingly, a
high pulmonary vascular reserve is an advantage as it is associated with a superior
aerobic exercise capacity (VO,max). This observation strongly suggests that
exercise capacity is modulated by the functional state of the pulmonary circula-
tion. However, why or when pulmonary vascular reserve may be related to a higher
aerobic exercise capacity remains incompletely understood. The present chapter
will discuss the role of each component of the pulmonary vascular reserve during
exercise and develop the factors able to influence the pulmonary vascular reserve in
heathy individuals.

Keywords: pulmonary circulation, VO,max, ventilation, diffusion capacity

1. Introduction

During aerobic exercise, muscular contractions increase oxygen peripheral
demand proportionally to exercise intensity until a maximal level or maximal oxy-
gen consumption (VO,max). VO,max is widely used as a cardiorespiratory fitness
indicator as the capacity of oxygen consumption increases with exercise training
with values approaching 80-90 ml/min/kg in endurance athletes vs 20-30 ml/min/
kg in healthy sedentary subjects. The oxygen consumption is dependent on the
interdependence of the different components of the convectional and diffusional
oxygen transport systems from ambient air to the mitochondria. Every transport
step is a potential VO,max determinant: ventilation, pulmonary diffusion, blood
oxygen transport (depending on cardiac output and arterial oxygen content), mus-
cular diffusion, and mitochondrial activity. The importance of each contribution
step varies under different health or environmental conditions. Nevertheless, one
can reasonably assume that cardiac output (Q) is most important at sea level, while
at higher altitudes, lung or/and muscle diffusion may become more critical [1, 2].
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For many years, exercise physiologists have focused on the left side of the heart
and the systemic circulation to explain aerobic exercise performance and limitation.
However, more recently, robust and growing studies suggest that the right ventricle
(RV) might also be an important determinant of maximal cardiac output and
VO,max [3, 4]. More broadly, the RV-pulmonary circulation unit, including the capil-
lary network, has been identified as a potential factor modulating the aerobic exercise
capacity in normoxia [5-8] and in hypoxia [7-10]. Indeed, pulmonary vascular
reserve, or the ability of the pulmonary circulation to extend, recruit, and vasodilate
to smooth an intravascular pressure increase, is critical in minimizing RV afterload
and maximizing peak cardiac output at exercise [5, 6]. To discuss the potential
importance of this phenomenon, the role of each physiological component of the
RV-pulmonary circulation unit and interactions with gas exchange will be reviewed.

2. Right ventricle

Cardiac output increases with exercise intensity in order to ensure oxygen sup-
ply to the working muscles. Since the right and left heart are disposed in a series in
the cardiovascular system, it is impossible for one ventricle to generate a blood flow
exceeding that of the other. The maximal cardiac output is therefore depending
on the “weakest” ventricle’s performance. Increases in RV afterload may, thereby,
possibly serve to limit overall cardiac output [3]. Additionally, the heart being
constrained within a stiff pericardium, congestion in the RV may shift the interven-
tricular septum to the left resulting in left ventricular diastolic volume restriction,
further limiting maximal Q. This is observable in specific circumstances such as
congestive heart failure or highly trained endurance athletes [3].

The normal right ventricle is a thin-walled flow generator perfectly adapted to
face the low-pressure, high-compliant pulmonary circulation [3, 11]. However, RV
anatomical and physiological properties are maybe not designed to face dramatical
afterload increase at high levels of exercise. As compared to the left ventricle (LV),
load increases are greater for the RV during exercise [12], and its contractile reserve
may become insufficient for adequate blood supply to peripheral demand [12, 13].
Relative to the LV, the greater load that the RV faces during exercise is dominantly
attributed to a larger exercise-induced increase in pulmonary artery pressure (PAP)
relative to systemic vascular pressure [3].

Increased PAP during exercise is known to limit exercise capacity in pulmo-
nary hypertension patients through a decreased maximum cardiac output by an
overloaded right ventricle [11]. Recently it has also been suggested that the same
phenomenon could appear in healthy individuals exercising at high workloads at sea
level [5-8] but even more at altitude [7-10].

Invasive or noninvasive studies in healthy subjects described a ceiling level of the
mean PAP approximating 40-50 mmHg when exercising at maximal workloads cor-
responding to the extreme afterload level which the RV can face while maintaining a
high cardiac output [6, 14-17]. The RV is thus placed under great stress during intense
exercise. This leads to the idea that RV outflow might become a limiting factor when
the ventricular work demand is overwhelmed, particularly in cases of extreme cardiac
outputs (high intensity exercise, endurance athletes) or increased PAP (pathological
or hypoxic conditions). Recently, D’Alto et al. demonstrated that echocardiographic
RV systolic function indices (tricuspid annular plane systolic excursion (TAPSE), S,
and TAPSE/PAP) correlate with maximal workload in healthy subjects. This finding
illustrates that a higher RV contractility reserve, defined as the difference between
peak exercise and rest, is an advantage to reach high exercise levels and suggests a
potential role of the RV in exercise capacity limitation [13].
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3. Pulmonary circulation
3.1 Pulmonary vascular resistance

Pulmonary circulation opposes resistances to the ejecting RV that can be
quantified by the PAP at a given cardiac output [18]. According to Poiseuille’s law,
applicable for a Newtonian fluid flowing laminarly in a straight cylinder, flow and
driving pressure are proportional. This would imply that with unchanged resistance
every increase in flow would increase PAP. However, the pulmonary circulation has
this specific property to reduce resistances by two possible mechanisms: (1) recruit-
ment, enlistment of previously closed pulmonary capillary [19, 20], and (2) disten-
sion, expansion of already filled pulmonary capillaries when pressure increases
[21]. It is generally accepted that the initial vascular recruitment at the onset of
exercise followed by distension allows for the pulmonary circulation to face a high
blood flow with limited increase in pressure and maintaining RV systolic function
at minimal energy cost [22]. Indeed, low pressure in the pulmonary circulation is
essential to prevent two potential exercise capacity limitation mechanisms: fluid
leaking from the capillaries to the interstitial space with subsequent gas exchange
alterations and RV outflow and oxygen transport limitation [18, 22].

During exercise, PAP increases along with Q but not always with a one to one
ratio [15, 23]. In exercising subjects, the PAP can be measured at different exercise
intensities or Q allowing for the calculation of the PAP vs. Q slope, as illustrated in
Figure 1. The PAP vs. Q slope is a more accurate estimation of pulmonary vascular
resistance (PVR) as compared to a single measure at rest [14, 22, 24]. Invasive
catheterization and noninvasive stress echocardiography studies showed that
pulmonary vascular response to exercise varies considerably from one individual
to another, with slopes of mean PAP/Q ranging from 0.5 or 1 mmHg/l/min in
young adults to 2.5 mmHg/l/min in elderly [14, 23]. This means that with a 10 1/min
exercise-induced Q increase, for example, normal PAP increase would range from 5
to 25 mmHg. This great interindividual variability of pulmonary vascular response
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Figure 1.

St:'gess echocardiography multiple measurements of mean pulmonary arterial pressure (mPAP) at increasing
flow (Q) from vest until maximal exercise in one healthy subject. Pulmonary vascular vesistance (PVR) is
evaluated from the angular coefficient of the mPAP vs. Q linear vegression line (AmPAP/AQ ). The PVR of
0.8 mmHg/l/min found in this example is in good agreement with limits of normal (gray background) [23].
From the curvilinearity of this PAP vs. Q relationship (dotted line), a mathematical distensible model velating
mPAB, Q, left atrial pressure (LAP), and total PVR at vest (Ro) allows for a calculation of a distensible
factor: a (cfr formula). The present subject shows a distensibility (a) corresponding of 1.4% increase of the
pulmonary vascular diameter per mmHg of pressure elevation during the entire exercise test and is in good
agreement with previous reports [8, 14, 23, 26].
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during exercise also suggests a great interindividual variability of RV energy cost.
Interestingly, lower PAP/Q slopes have been found in fittest subjects [6-8, 10]. This
observation suggests that lower RV output resistance helps to reach higher exer-
cise intensities. Conversely, in patients with pulmonary hypertension, exercise is
associated with a sharp increase in PAP (high PAP/Q slopes), and a right ventricular
limitation affects exercise capacity [11, 25].

3.2 Pulmonary vascular distensibility

When multiple PAP are measured at increasing exercise or Q levels, it is possible
to show that the PAP/Q relationship is not strictly linear but becomes curvilinear
with a smoothened pressure increase at higher exercise intensities [14, 16, 26,

27]. The curvilinearity of the PAP/Q relationship reflects the distension of the
pulmonary resistive vessels in order to limit the flow-induced pressure increase
during exercise. This pulmonary vascular distension participates in decreasing PVR
and RV afterload during exercise. The pulmonary vascular distensibility can be
quantified with a mathematical model applied to the PA-Q relationship allowing
the calculation of a coefficient of distensibility; a (Figure1). Alpha depends on
the mechanical properties of the lung vascular walls and represents the percent-
age change in arteriolar diameter per mmHg of arteriolar pressure increase with
exercise [16, 24, 26]. Direct in vitro or indirect in vivo measurements showed an
average of 2% increase in diameter per mmHg of distending pressure in healthy
pulmonary vessels [14, 26]. Higher alphas, representing a more distensible pulmo-
nary circulation, have been shown to be associated to lower blood flow resistances
(PAP/Q slopes) [6]. However, it is interesting to note that the distensibility of the
pulmonary vasculature does not stay constant with the onset of exercise but tends
to decrease with exercise intensity, indicating that pulmonary vascular compli-
ance decreases along with increases in flow and intravascular distending pressures
[6, 16, 23]. Argiento et al. described a mean distensibility a at rest of 2.2%/mmHg
decreasing to 1.3%/mmHg at maximal exercise in 88 young heathy adults [23].

Fit subjects, with a high aerobic capacity, have been shown to have enhanced
exercise-associated decrease in PVR and increase in pulmonary arterial compliance.
This has been demonstrated recently with higher VO,max correlated to greater
pulmonary arteriolar distensibility a [6, 8] associated with lower PVR at maximum
exercise or lower PAP/Q slopes [6-8]. This observation was true at sea level but was
even more pronounced at moderate or high altitude [7, 8, 10]. One could consider
that a more distensible and low resistive pulmonary circulation is an advantage for
aerobic exercise performance.

4. Pulmonary capillaries, gas exchange, and ventilation

It has previously been estimated that resistances in the pulmonary circulation
are located for 60% at the precapillary level and for 40% at the capillary-venous
level [28]. Pulmonary capillaries hemodynamic thus significantly contribute to
changes in PVR during exercise and can therefore not be neglected.

4.1 Pulmonary transit of agitated contrast
The property of the pulmonary capillaries to distend during exercise can be
studied by intravenous injection of an agitated contrast. Bubbles appearing in the

right heart must transit through the pulmonary circulation to be observed in the left
heart chambers with echocardiography. At rest, no bubble transit occurs from the
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right to the left heart. However, during exercise in healthy individuals, pulmonary
transit of agitated contrast (PTAC) occurs when contrast appears from the right to
the left heart chamber after four to five heartbeats [29, 30]. Whether this exercise-
induced bubble transit is explained by pulmonary capillary distension or by the
opening of an arteriovenous shunt is still debated [31-33].

In a recent study, La Gerche et al. used PTAC to assess pulmonary vascular
reserve in exercising healthy individuals. They observed that subjects with no or
minimal bubble transit through the pulmonary circulation also showed higher
PVR assessed by steeper PAP/Q slopes, and individuals with high PTAC had lower
exercise-induced increases in PAP and greater PVR reduction [5]. This observation
suggests that a greater pulmonary vascular reserve can occur through a possible
enhanced capillary distensibility. Moreover, this physiological advantage was asso-
ciated with improved RV function and higher maximal Q. The authors of this study
concluded that higher PTAC is advantageous to lower RV afterload and creating less
RV fatigue during prolonged and intense exercise [5]. In support of this previous
finding, in a similar study, Lalande et al. found that the amount of bubbles transit-
ing through the pulmonary circulation was proportional to the increase in pulmo-
nary capillary pressure and volume during exercise [6]. In this study positive PTAC
occurred during exercise when a twofold increase in vascular pressure allowed for
a20-30% increase in capillary blood volume [6]. Capillary recruitment and dila-
tion seem thus crucial to unload the RV at high levels of exercise but is also crucial
to maintain capillary pressure low during intense exercise. In numerous studies,
West et al. highlighted that an abnormal increase in PAP and subsequent capillary
pressure elevation above a 20-25 mmHg threshold at exercise could possibly lead to
a capillary stress failure known to elicit interstitial lung edema and altered ventila-
tion/perfusion relationships [34, 35]. Capillary damages have indeed previously
been described in some endurance-trained athletes [36].

4.2 Lung diffusion capacity

Capillary blood volume can be estimated noninvasively from lung diffusing
capacity measurements using double gas tracers: carbon monoxide (CO) and nitric
oxide (NO) differing in their affinity for hemoglobin. The Roughton and Forster
equation, 1/DLCO = 1/Dm + 1/6Vc, states that lung diffusion from the alveola to
the erythrocyte’s hemoglobin is the result of two resistances in series: the alveolo-
capillary membrane diffusion component and an intracapillary component. DLCO
is the measured diffusing capacity of the lung for CO, Dm the membrane compo-
nent, 0 the hemoglobin affinity for CO, and Vc the capillary blood volume [37].
Transposing this equation for NO, which has particularly high hemoglobin affinity,
two equations can be solved with two unknowns allowing for Vc calculation [38].

Exercising at sea level is associated with an increase in DLCO, DLNO, Dm, and
Ve linearly with the workload intensity without ceiling effect. This suggests that
recruitment and distention of the pulmonary circulation does not reach a limit even
at high exercise levels. Also, a predominant exercise-induced increase in Vc relative
to Dm has been described suggesting a predominance of capillary distension rather
than recruitment, whereas a recruitment would increase more Dm than Vc [39-41].
This is in keeping with the notion that exercise is associated with an increased
diameter of pulmonary capillaries [6, 41-43]. Recent studies found indeed that
the amount of blood in the pulmonary capillaries was a determinant of the aerobic
exercise capacity [6, 8]. This observation is compatible with the hypothesis that
exercise capacity is modulated by the functional state of the pulmonary circula-
tion, including capillary vessels, and could be confirmed in more than 150 healthy
adults tested in our laboratory (Figure 2C). Additionally, it also appeared that the
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Figure 2.

Correlations between lung capillary volume measured at rest (Vc), ventilatory equivalent for CO, (VE/VCO,)
measured at the ventilatory threshold (VT), and aerobic exercise capacity (VO,max). Larger blood capillary
volume allows for better ventilation-perfusion adequacy decreasing ventilation at a given metabolic vate and
higher aerobic capacity.

blood volume of the pulmonary capillaries (Vc) measured by the DLCO and DLNO
method was correlated to the ventilation at a given metabolic cost (VE/VCO; ratio)
measured during incremental cardiopulmonary exercise testing (Figure 2A). This
founding, suggesting that better perfused lungs allows for lower ventilatory cost, is
an advantage to reach higher exercise levels (Figure 2B and C).

The VE/VCO, ratio represents the ventilation level needed to evacuate 1 L of
CO; for 1 minute and is therefore a good indicator of the ventilatory efficiency and
represents the metabolic cost of ventilation. The VE/VCO, ratio can be measured at
the ventilatory threshold, when metabolic acidosis is not yet pronounced and does
not substantially influence ventilation. However, the slope of the VE versus VCO,
relationship from rest until the respiratory compensation point might be more
accurate to define the ventilatory chemosensibility [44].

Chronic heart failure and even more so pulmonary arterial hypertension
increase the VE/VCO; slope by a combination of increased dead space related to low
cardiac output, early lactic acidosis, and increased chemosensitivity in the context
of an increased sympathetic nervous system tone in relation with the severity of the
pathology [45]. The VE/VCO; slope has indeed been identified as a strong prog-
nostic tool in patients with heart failure, and in some studies, its prognostic signifi-
cance has outperformed the VO,max [44]. In the other hand, endurance athletes
are known to have shallow VE/VCO, slopes probably through a training-induced
decrease in chemosensibility [46].

Interestingly, recent studies also showed a link between higher diffusion capaci-
ties (DLNO) and shallowest VE/VCO, slopes [6, 8] in keeping with previous notion
that higher lung diffusing capacity allows for preserved gas exchange at a lower
ventilatory cost [47]. In those studies, the higher diffusion capacities and lower VE/
VCO; slopes were associated to higher aerobic capacity [6, 8].

5. Pulmonary vascular reserve

The pulmonary vascular reserve is the ability of the pulmonary circulation to
accommodate high flows by moderating pressure increase with vascular recruit-
ment, dilatation, and/or distension and allows low hemodynamic pressures in the
pulmonary circulation. The more the pulmonary circulation is able to face high
blood flow with maintaining low pressures during exercise the greater the pulmo-
nary vascular reserve. This is critical in minimizing RV afterload and maximizing
cardiac output during exercise. When pulmonary vascular reserve is compromised,
RV ejection may also be compromised, increasing right atrial pressure and limiting
maximal cardiac output [18]. Pulmonary vascular reserve avoids abnormal increase

64



Pulmonary Vascular Reserve and Aerobic Exercise Capacity
DOI: http://dx.doi.org/10.5772/intechopen.88399

in PAP and subsequently increases in pulmonary capillary pressure, protecting from
an interstitial pulmonary edema [35, 48]. Finally, a better vascular reserve allows
for a greater capillary distention increasing the lung capillary volume which has
been shown to be associated with better ventilation-perfusion adequacy, better lung
diffusion capacity, and lower ventilatory cost at a given metabolic rate [7, 8].

A pioneer study by La Gerche et al. demonstrated that favorable changes in pul-
monary vascular reserve provide a physiological advantage for RV function during
exercise [5]. Indeed, subjects with the higher PTAC had the lowest PVR and lowest
exercise-induced B-type natriuretic peptide blood levels (usually elevated with
ventricular volume and pressure overload) associated with higher maximal Q [5].
Subsequently, Lalande et al. observed that the individuals with the highest VO,max
had the greatest pulmonary vascular reserve, in this study defined as greater arte-
riolar distensibility « and capillary bed volume along with lowest PVR at maximum
exercise [6]. Following these observations, Pavelescu et al. reviewed diffusion
capacity measurements and echocardiographic measurements of the pulmonary
circulation in a larger number of healthy subjects and confirmed that better aerobic
exercise capacity is associated with lower PVR and higher lung diffusing capacity
allowing for lower exercise ventilation [7].

Taken together, all those observations strongly suggest that exercise capacity is
modulated by the functional state of the pulmonary circulation. A great pulmonary
vascular reserve is therefore an advantage in endurance athletic performance espe-
cially when exercise is performed at extreme cardiac output levels. However, when
or why pulmonary vascular reserve may allow for a higher aerobic exercise capacity
is still incompletely described.

6. Influences of pulmonary vascular reserve

It is well-known that interindividual pulmonary vascular response to exercise
varies considerably. Beyond that, different factors have been identified to influence
the pulmonary vascular reserve such as body position, sex, race, age, and environ-
mental factors.

6.1 Body position

Pulmonary vascular response to exercise testing is either performed in a supine
position during catheterization or in a semi-recumbent position during stress
echocardiography, while exercise testing is usually performed in a sitting or upright
position. Invasive studies previously reported a lower resting PVR in the recumbent
position compared with upright position explained by a vascular recruitment when
venous return is increased with gravity [49]. However, the authors observed that
differences faded and disappeared with exercise-induced cardiac output increase,
because of vascular recruitment with pulmonary blood flow elevation. Accordingly,
those observations have been confirmed recently by Forton et al. who compared
maximal exercise testing in supine, semi-recumbent, and upright positions and
showed no body position effect on PAP/Q relationships, alpha, and VO,max [50].

Influence of posture [17] PAP rest supine (14.0 + —3.3 mmHg) versus upright
(13.6 + —=3.1 mmHg)

6.2 Race and sex

Racial differences have been suspected to influence pulmonary vascular reserve
as black African Americans compared to white Americans of European descent are
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known to have higher prevalence of hypertension and higher mortality rates for
most cardiovascular diseases [51]. Recently, Simaga et al. tested this hypothesis and
showed an intrinsically less distensible pulmonary circulation in healthy black sub-
Saharan African men as compared to healthy white Caucasians, and this was associ-
ated with a lower aerobic exercise capacity [52]. Lower DLNO and DLCO are also
reported in Africans as compared to sex-, age-, and body size-matched Caucasians
and are explained by racial-related smaller lungs proportionally to body size [53].
However, those racial differences in pulmonary vascular function at exercise did not
appear when women were compared [52]. This latest observation is in keeping with
previous studies showing that premenopausal women have a more distensible pul-
monary circulation with a coefficient of distensibility o up to 45% higher compared
to age-matched men [23]. The underlying explanation is not clearly established but
might be related to the hormonal context.

6.3 Aging

Exercise capacity decreases with aging, as does the pulmonary vascular reserve.
Invasive measurements have previously showed that a reduction in pulmonary
microvascular distensibility occurs with age [17, 24]. Consistently, La Gerche et al.
noticed that individuals with low PTAC were older than those with positive PTAC
[5]. More recently, Argiento et al. confirmed this aging effect observation with
noninvasive echocardiographic measurements and showed that while maximal
cardiac output was reduced in fifties or older individuals, PAP and PVR were higher
with a lower alpha at maximal exercise [23].

Influence of age [17] PAP <30 (12.8 + —3.1 mmHg) versus 30-50
(12.9 + —3.0 mmHg) versus > 50 years (14.7 + —4.0).

6.4 Growth

Aerobic capacity increases gradually with age during childhood and adolescence.
The kinetics of this evolution differs in girls and boys related to pubertal hormonal
changes reaching a peak in VO,max earlier in girls compared to boys. However,
previous studies showed that VO,max is not so much a matter of age when VO,max
is corrected by body weight [54, 55].

On the other hand, the maximal workload, endurance time, and maximum aver-
age running speed increase continuously with age attesting the complexity of the
relations between VO, at exercise, weight or body dimensions, and the mechanical
performance of muscular work [56].

The progression of endurance time and load at a given VO, with age is multifac-
torial and includes neuromuscular adaptations, movement technique, musculoten-
dinous elastic energy storage, surface vs. weight ratio, body temperature, energy
substrates use, and ventilatory response. Indeed, the VE/VCO, slope decreases with
age reflecting a more efficient ventilatory response during exercise. This has been
attributed to chemosensitivity maturation with age [54, 57]. Concomitantly, it is
also known that diffusion capacity of DLCO and DLNO increases during adoles-
cence. The link between these two observations remains to be clarified as the DLCO
and DLNO increase has previously been mainly attributed to increase in height [58].

Experiments from our exercise laboratory on heathy adolescents show that
pulmonary arterial distensibility and chemosensitivity decrease with growth, while
maximal Q, RV function and diffusion capacity increase in relation to increased
aerobic exercise capacity.

Taken together, the aforementioned findings suggest that the different compo-
nents of the RV- pulmonary circulation unit are mature at different times. Creating
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a probable optimal pulmonary vascular reserve and exercise capacity at adulthood
but declining further with aging.

6.5 Pollution

Finally, some environmental factors have also been identified as potential
pulmonary circulation stressors, namely, altitude and pollution. It has recently been
shown that an acute exposure of 2 h to a dilute diesel exhaust increased the pulmo-
nary vasomotor tone by decreasing the distensibility of pulmonary resistive vessels
at high cardiac output or high exercise intensities [59]. Further studies are needed
for a better understanding of this phenomenon and to evaluate the long-term
consequences of diesel exposure on exercise capacity.

6.6 Hypoxia

Increasing visitors and athletes are traveling to altitude but not without conse-
quences on their physical condition. It has long been known that aerobic exercise
capacity decreases exponentially with altitude ascent with a significant decline
starting above 1000 m. Numerous studies have been conducted in the field, but
the underlying mechanisms are until now not fully understood. Although causes
might be multifactorial, decreased oxygen transport to the exercising muscle, with
a decrease in arterial oxygenation (SpO,) and an altered maximum Q, is fingered
(1,2, 60].

6.6.1 Right ventricle

At high altitude, in resting conditions, signs of altered diastolic but preserved or
enhanced systolic RV function have been described in chronic [61] or acute hypoxic
conditions [62, 63]. RV seems thus to tolerate hypoxic conditions. However, a recent
study showed inhomogeneous RV contraction in hypoxia but not during exercise,
suggesting that hypoxic stress is not trivial [63]. How much this could account for
altered RV maximal outflow remains unknown as studies on right ventricular func-
tion during hypoxic exercise are sorely lacking [64].

6.6.2 Pulmonary circulation

Since the pioneer study of Von Euler and Liljestrand in 1946 that when airways
are exposed to hypoxic air, a local vasoconstrictive reflex modifies the lung perfu-
sion in favor of better oxygenated alveoli [65]. This hypoxic pulmonary vasocon-
striction (HPV) is a protective mechanism allowing for substantial improvement in
arterial oxygenation [66]. However, at altitude, when the entire lung is hypoxic, a
global arteriolar vasoconstriction reduces the pulmonary vascular distensibility and
increases the PVR. The subsequent hypoxic pulmonary hypertension is generally
mild to moderate [64]. However, during exercise, this substantial increased after-
load on the right ventricle might become substantial [64]. Hypoxia may therefore
affect the pulmonary vascular reserve with increased likelihood of RV function
limitation and/or altered gas exchange by interstitial pulmonary edema or ventila-
tion/perfusion mismatch. How much this accounts for aerobic exercise capacity
limitation at high altitude is still a matter of debate.

This last decade, a partial recovery of 10-25% of the hypoxia-induced decrease
in maximal oxygen uptake has been reported with intake-specific pulmonary
vasodilating interventions [67-72]. Indeed, specific pulmonary vasodilating inter-
ventions have been reported to improve the decreased aerobic exercise capacity in
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hypoxia with little or no effect on normoxic exercise performance. Primary studies
described an increase in maximal workload and VO,max after intake of sildenafil, a
phosphodiesterase-5 inhibitor used to treat erectile dysfunction in healthy hypoxic
subjects [9, 67-69]. It has been suggested that the underlying mechanism was an
increase maximal Q due to a reduced RV afterload after HPV inhibition or pul-
monary vasodilation. Similar results were reported after administration of dexa-
methasone [70] or endothelin receptor blockers [71, 72]. In most of these studies,
pulmonary vasodilation effect was also associated with improved arterial oxy-
genation probably allowing improved oxygen transport to the exercising muscles
[69, 73]. De Bisschop et al. showed that pharmacological pulmonary vasodilation
improved lung diffusion capacity and also correlated to enhanced exercise capacity
at high altitude [74]. The principal suggested underlying mechanisms was related
to a pulmonary vasodilation associated decrease in capillary filtration pressure
protecting from an interstitial lung edema [74].

6.6.3 Lung diffusion capacity

Acute or chronic hypoxic exposure is associated with enhanced pulmonary
diffusion capacity at rest [7, 75, 76]. Moreover, the hypoxia-induced increase in
the capillary component being more pronounced than the membrane component
suggests a capillary distension in addition to recruitment. This observation has been
attributed to increased pulmonary perfusion pressure caused by HPV associated
with a venous component of hypoxic vasoconstriction both possibly contributing to
increase effective capillary pressure [77].

Interestingly, Taylor et al. showed that recruitment of pulmonary capillaries in
response to exercise at high altitude is limited and may therefore be a significant
source of exercise limitation [78]. This is keeping with previous correlation found
between lung diffusing capacity for nitric oxide (DLyo) and VO,max at altitude
[7, 8, 74].

6.6.4 Pulmonary vascular reserve

The reviewing of data collected during four different high-altitude expeditions
(>4350 m) highlighted that individuals with a larger increase in PVR and larger
decreased ventilation efficacity with ascent to high altitude were the ones with the
greater VO,max fall [7]. Higher aerobic capacity at high altitude was associated
with more pronounced pulmonary vascular reserve as suggested by lower PVR,
higher diffusion capacity, and lower VE/VCO, [7]. Similarly, pulmonary vascular
reserve has been described as an aerobic performance limiting factor in Andean or
Himalayan highlanders [10, 79]. This observation has also been confirmed at mod-
erate altitude, even though the overwhelming determinant of decreased VO,max
and maximum workload is a decrease in arterial O, content CaO, [8].

7. Conclusion

In conclusion, aerobic exercise capacity is depending on the integrity of the
different components of the oxygen transfer from ambient air to the mitochondrial
cytochromes. The RV function coupling to the pulmonary circulation and the
pulmonary capillary network is one of multiple determinants of aerobic exercise
capacity. It becomes increasingly clear that a high pulmonary vascular reserve is an
advantage for high-intensity exercise performance in heathy subjects. The pulmo-
nary vascular reserve is characterized by lower exercise PAP and PVR and higher
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pulmonary vascular distensibility associated with greater capillary volume and gas
exchange allowing for a lower ventilatory cost at a given metabolic rate. When and
how the pulmonary vascular reserve modulates aerobic capacity still need to be

clarified. However, age, race, sex, and environmental factors such as pollution and
hypoxia have been identified as pulmonary vascular reserve influencers.
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Chapter 6

2-Methoxyestradiol in Pulmonary
Arterial Hypertension: A New
Disease Modifier

Stevan P. Tofovic and Edwin K. Jackson

Abstract

Pulmonary arterial hypertension (PAH), a debilitating and incurable disease,
predominantly develops in women. Estradiol metabolism leads to the production
of numerous metabolites with different levels of estrogenic activity and very often
opposing biological effects. Dysregulated estradiol metabolism was recently linked
to the penetrance, progression, and prognosis of the disease. Ongoing clinical trials
are examining the effects of estradiol synthesis/signaling inhibition in patients with
PAH. In this chapter, the effects of sex, sex hormones, and estradiol metabolism
on the healthy pulmonary circulation and vascular pathobiology are discussed in
the light of estradiol metabolism as potential pharmacological target in PAH. The
effects of estrogens and their metabolites on vascular pathobiology and disease
progression, their involvement in PAH-associated diseases, and the pros and cons
for interventions at different levels of estradiol metabolism are discussed. Finally,
we propose that 2-methoxyestradiol (2ME), a major non-estrogenic metabolite of
estradiol, mediates at least in part the beneficial effects of estradiol and that 2ME
exhibits opposing effects to estradiol on several processes relevant to the underlying
pathophysiology of PAH, including angiogenesis, metabolic reprograming, inflam-
mation, and immunity. Based on cellular and in vivo effects, 2ME should be viewed
as a disease modifier in women with PAH.

Keywords: pulmonary hypertension, estradiol metabolism, 2-methoxyestradiol,
angiogenesis, inflammation

1. Introduction

Pulmonary arterial hypertension (PAH) is a progressive incurable disease of pul-
monary vasculature that ultimately leads to failure of the right ventricle (RV) and
death. Notably the disease predominantly develops in women. The first report in
1951 by Dr. David Dresdale and colleagues from Maimonides Hospital of Brooklyn
on hemodynamic aspects of primary pulmonary hypertension (PH) included three
25- to 35-year-old women [1]. Similarly, in 1952 in the second seminal report on
PAH, British cardiologist Paul Wood recognized that this is “..relatively rare disease,
usually encountered in women between 20 and 30, but may be met at any age and
in either sex...” [2]. These early observations of female preponderance of PAH were
confirmed by epidemiological studies conducted in the last two decades, and the
data from various registries worldwide report a female-to-male ratio (F:M) ranging
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from 2:1 to 4:1 [3-9] and up to 4:1 to 9:1 for connective tissue disease [10-12].
However, with aging the female preponderance of disease disappears, and an M:F
of only 1.2:1.0 has been reported in elderly PAH patients [13]. The latter strongly
suggests involvement of female sex hormones in the development of PAH.

1.1 Vascular pathobiology in PAH

Pulmonary vascular remodeling is a pathological hallmark of PAH. Vascular
morphological manifestations of the disease include (i) concentric and asymmetric
obliterative proliferation of endothelial cells (ECs) and distal formation of multicel-
lular plexiform lesions (PLXL); (ii) the muscularization of distal non-musculinized
precapillary vessels; (iii) adventitia remodeling in form of fibrosis, inflammation,
and perivascular edema; and (iv) PLXL, dilation lesions, and arteritis classified
as complex lesions [14]. Three-dimensional analysis of vascular lesions in patients
with severe PAH reveals the existence of two major phenotypes of ECs. The normal
quiescent apoptosis-sensitive ECs are located in the peripheral areas of the lesion, are
negative for phosphorylated MAPK, and have a high expression of p27kipl (a marker
of slow proliferation). The highly proliferative apoptosis-resistant cells in the central
core of the vascular lesion have elevated MAPK activity and increased expression of
HIF-1a, VEGF protein, and VEGF-2 receptor and low expression of p27kipl [15, 16].

Both inflammation and immune cell response are recognized as important
pathogenic factors in PAH [17-19]. For example, in experimental PH perivascular
inflammation, due to macrophages, mast cells, and T and B lymphocytes, precedes
vascular remodeling and elevated pulmonary pressure [20], and in PAH patients,
the degree of perivascular infiltration by immune cells correlates with vascular
remodeling and pulmonary artery pressure [21]. As discussed below, inflamma-
tion may markedly influence estradiol metabolism, and vice versa, estrogens and
their metabolites may instigate, perpetuate, or inhibit inflammation and modulate
immune cell responses in PAH.

2. Opposing effects of estradiol and 2-methoxyestradiol on estrogen
metabolism

Since our first report that 2ME, a major non-estrogenic metabolite of
17p-estradiol (E2), attenuates the development and progression of monocrotaline
(MCT)-induced PH and that estrogens may be pathogenic in PAH [22], a growing
body of evidence suggests the involvement of dysregulated estradiol metabolism and
elevated estrogen levels in the development, progression, and prognosis of PAH.

2.1Increased estradiol production in PAH

Formation and metabolism of estrogens are complex (Figure 1). The pivotal
precursors for synthesis of both androgens and estrogens are dehydroepiandros-
terone (DHEA) and its biologically inactive sulfate (DHEA-S). DHEA is produced
in the adrenal gland of men and postmenopausal women and in the ovaries and
placenta of premenopausal women. DHEA, the most abundant steroid in circula-
tion, is also produced by peripheral conversion from circulating DHEA-S. DHEA is
transported into cells by organic anion transporters (OATPs) that are expressed in
various tissues including the endothelial and inflammatory cells and lungs [23-25].
The delicate balance between DHEA and DHEA-S is controlled by the relative
activity of sulfotransferase (DHEA — DHEA-S) and sulfatase (DHEA-S — DHEA)
[26]. Both DHEA and DHEA-S are protective in experimental models of pulmonary

78



2-Methoxyestvadiol in Pulmonary Arterial Hypertension: A New Disease Modifier
DOI: http://dx.doi.org/10.5772/intechopen.86812

m 4
DHEA-S ol DHEA —=» Androstenediol
R e N
Androstenedione JTSHIDL Testosterone
178-HS02
l Aromatose Aromatase
178-H3E1 78 ~
—, BN — 17f) Estradiol —
i g T
!’pﬁ b, 1mi T £VF 181> DAFS AT 044
201 trore LT
178-H502 'j'
l 1:{»..1'! COWIT COMT
" Esiol 2-Methosyestrone PRS- Sl 2-pethoxyestradiol m
178502
Figure 1.

Dehydroepiandrosterone is the most abundant steroid in circulation that is also produced by peripheral
conversion from its civculating inactive sulfated metabolite DHEA-S. The balance between inactive sulfated
sex steroids and sex steroids and their biologically active metabolites and metabolic precursors is controlled
by sulfatase (STS) and sulfotransferase (SULT). Aromatase is a key enzyme in estrogen production because
this enzyme controls aromatization of androgenic precursors to estrogens and intracrine production of
estrogens. 2-Hydroxylation/methylation pathway of estrogen metabolism produces non-estrogenic metabolites
with opposite effects to maternal estrogens. Hydroxylation of estradiol (E2) at C4 and C16 position leads to
production of highly estrogenic metabolites with proliferative, pro-inflammatory, and angiogenic properties.

hypertension [27-31] including models of angioproliferative PH [32, 33]. Recently,
lower DHEA-S and higher E2 levels have been linked to a greater risk of PAH and
worse hemodynamics, functional status, and greater risk of death [34, 35]. Notably,
DHEA improves PAH in patients with obstructive pulmonary disease [36], a finding
supporting the potential therapeutic application of DHEA in PAH patients. DHEA
is an over-the-counter supplement with no major side effects; however, its safety
during chronic use in pharmacological doses is unknown. One potential adverse
effect in this regard would be increased circulating/tissue E2 levels that may exacer-
bate endothelial remodeling and inflammation (infra vide).

Aromatase (encoded by the CYP19A1 gene) is the rate-limiting enzyme catalyz-
ing the conversion of upstream androgenic precursors to estrogens (androstene-
dione — estrone and testosterone — E2; Figure 1). In premenopausal women,
estrogens are produced predominantly in the ovarian granulosa cells and are
released into the bloodstream where they act primarily in an endocrine fashion. In
postmenopausal women and in men, estrogen synthesis takes place in extra-gonadal
tissues (liver, heart, skin/fat tissue, and brain) where estrogens act mainly as
paracrine or autocrine factors. Aromatase expression in these various sites is under
the control of tissue-specific promoters regulated by different cohorts of transcrip-
tion factors. Therefore, aromatase activity differs substantially in various tissues and
organs in health and disease [37]. Notably, human endothelium expresses a complete
aromatase-estrogen-E2 receptor system [38], and increased expression of aromatase
has been reported in hPASMCs from female PAH patients and in the lungs of female
rats and mice with angioproliferative PH [39]. Increased aromatase activity and
plasma E2 levels seen in both men and women with advanced liver disease is associ-
ated with increased risk of portopulmonary PAH [40], and increased aromatization
of androgens and elevated E2 levels have been reported in postmenopausal women
and in men with PAH [34, 35]. Noteworthy, E2 stimulates aromatase activity and by
increasing aromatization of androgen precursors may augment its own production
as well as production of E1. Because of the importance of this enzyme in estrogen
synthesis, blocking aromatase activity is an important pharmacological tool used for
the treatment of estrogen-dependent diseases (breast cancer, endometriosis, and
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endometrial cancer). Anastrozole (a third-generation aromatase inhibitor) reduces
E2 levels and attenuates PH in female mice exposed to hypoxia [39] and in Sugene
5416 + hypoxia rats with angioproliferative PH [39, 41]. Moreover, when combined
with the selective estrogen receptor degrader fulvestrant, anastrozole reverses PH

in BMPR2-mutant mice [42]. Likewise, in PAH patients treatment with anastrozole
reduces elevated E2 levels by 40% and E1 levels by 70% and significantly increases
functional capacity, i.e., 6-minute-walk distance [43]. Notably, E2 augments gonadal
aromatase activity, and by increasing aromatization of androgens, E2 may augment
its own production as well as that of other estrogens [44]. Inflammation and inflam-
matory cytokines upregulate aromatase activity, and TNFa is one of the most potent
inducers of aromatase. In contrast to estrogens that do not have effect on TNFa
induction of aromatase [45], 2ME inhibits both basal and TNFa-stimulated aroma-
tase activity [45-47].

In addition to aromatase, another potential source of increased estrogen produc-
tion in PAH is the “sulfatase pathway.” In addition to DHEA-S, other substrates for
STS are biologically inactive estrone sulfate (E1-S) and estradiol sulfate (E2-S), and
sulfatase plays a key role in intracrine regeneration of biologically active E2 and E1
(Figure 1). Inflammatory cytokines increase STS activity. More importantly, STS
expression is stimulated by estrogens via estrogen receptor alpha (ERa) signaling,
and at least in breast cancer, STS is upregulated by the elevated local E2 levels [26].
Thereby, in an inflammatory environment, E2 through feed-forward mechanisms
may increase its on production via both the sulfatase and aromatase pathways
(Figure 2), as implicated by elevated aromatase activity and E2 levels in both
experimental PH [39] and in men and women with PAH [34, 35, 40].

2.2 Dysregulated estradiol metabolism in PAH

Once formed, E2 is primarily metabolized by oxidation at C2, C4, and C16 posi-
tions and converted to metabolites with different estrogenic activities and diverse
(often opposite) biological effects. In humans, E2 hydroxylation is mediated by
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Figure 2.

Opposing effects of E2 and 2ME on estrogens and arvachidonic acid metabolism. Inflammation and dual
metabolic activity of CYP1B1 instigate estradiol feed-forward mechanisms that involve sulfatase, aromatase,
COMT, and CYP1B1 (ved arrows). Thereby, the increased E2 and arachidonic acid pro-inflammatory
metabolites may contribute to the development of inflammatory and angioproliferative phenotypes

in women. In contrast, 2ME by inhibiting CYP1B1 activity, macrophage influx/activation, and pro-
inflammatory cytokine induction of estrogen-producing enzymes (blue arrows) balances inflammation

and E2 production and its metabolisms into mitogenic pro-inflammatory and angiogenic metabolites.
CYP1B1 activation vesults in production of pro-inflammatory arachidonic acid metabolites (black arrows).
COMT = catechol-O-methyltransferase; CYP = cytochrome p450 enzymes; EETs = epoxyeicosatrienoic acids;
HETE;s = hydroxyeicosatetraenoic acids; sEH = soluble epoxide hydrolase, degrades EETS.

80



2-Methoxyestvadiol in Pulmonary Arterial Hypertension: A New Disease Modifier
DOI: http://dx.doi.org/10.5772/intechopen.86812

multiplying CYP450 enzymes (CYP1A1/1A2/3A4/1B1) with 2-hydroxyestradiol (2HE)
being the main metabolite; however, 4-hydroxyestradiol (4HE; Figures 1 and 2) is
formed to a lesser degree (~5%). This is followed by methylation of hydroxyl groups
catalyzed by catechol-O-methyl transferase (COMT). The hydroxylation/methylation
pathway is a major metabolic pathway that accounts for ~50% of E2 metabolism. It
largely takes place in the liver and leads to production of 2ME, a major non-estrogenic
metabolite with antiproliferative, anti-angiogenic, and anti-inflammatory effects
[48]. In addition to hepatocytes and numerous cancer cell lines, conversion of E2 to
downstream 2HE and 2ME takes place in cardiovascular and renal compartments
[48], and a solid line of evidence suggests that 2ME mediates the antiproliferative
effects of E2 in cardiovascular and renal cells [49].

Notably, the protective effects of E2 in experimental PH are mediated, at least
in part, by 2ME [50, 51]. Furthermore, it seems that in highly proliferative states,
2ME may oppose estrogen-driven proliferation. For example, in highly proliferative
human leiomyoma cells (hLCs) characterized by doubled ERa signaling (inherently
regulated by microtubule dynamics) [52], COMT overexpression or treatment
with 2ME stabilizes microtubules, attenuates E2-induced proliferation, inhibits
ERa signaling, and reduces HIF-1a and aromatase expression in hLCs [53, 54].
Unfortunately, it seems that elevated E2 levels seen in PAH may adversely affect
both hepatic and extrahepatic 2ME production. In this regard, men have higher
COMT activity than women [55, 56], and sex hormones regulate COMT activity
that is highly expressed in human and rat lungs [57, 58]. The exposure to E2 reduces
hepatic COMT activity in rats [59, 60]; in vitro E2 decreases COMT transcription,
activity, and protein levels [61, 62]; and tamoxifen, by antagonizing E2, increases
COMT activity in peripheral tissues [63]. Together, these findings suggest that
reduced COMT activity by elevated E2 and subsequent decreased in 2ME produc-
tion may render women more susceptible to the development of PAH. At present
it is unknown whether there is reduced 2ME production in PAH. Yet, reduced 2ME
production has been linked to the development of preeclampsia [64], increased
sensitivity to angiotensin II [65], and insulin resistance [66].

2.3 Opposing effects of estradiol and 2-methoxyestradiol on CYP1B1 activity
and estrogen and arachidonic acid metabolism

E2 and 2ME have opposing effects on CYP1B1, another E2 metabolizing enzyme
implicated in pathogenesis of PAH. Human CYP1B1 mRNA and protein are consti-
tutively expressed in the lung and in VSMCs and ECs [67]. CYP1B1 may facilitate E2
oxidation at C4 and C16, thus producing highly estrogenic and reactive metabolites
4-hydroxyestradiol (4HE) and 16a-hydroxyestrone (16aHE1). Experimental and
human data suggest a major pathogenic role for CYP1B1 and 16aHE1 in PAH. In
this regard, CYP1B1 increases the risk of PAH and RV dysfunction in humans and
plays a pathogenic role in the 16aHE1-BMPR2 interaction in experimental PH
[68-76]. Notably, E2 and 2ME have divergent effects on CYP1B1 activity. Estradiol
is not only a substrate for CYP1B1, but also it is transcriptional activator of CYP1B1
[77]. In contrast, in vitro 2ME exerts feedback inhibition on CYP1B1 activity [78].
Moreover, 2ME inhibits aryl hydrocarbon receptor-mediated induction of CYP1B1
and reduces CYP1B1 production of reactive metabolites. In vivo, 2ME significantly
inhibits CYP1B1 expression and attenuates pressure overload-induced cardiac
remodeling [78, 79]. In vivo CYP1B1 inhibition by 2ME reduces biosynthesis of
mid-chain hydroxyeicosatetraenoic acids (HETEs) [79], suggesting a significant
role for CYP1B1 in arachidonic acid metabolism. Indeed, due to its lipoxygenase-like
activity, CYP1B1 facilitates arachidonic acid metabolism into HETEs and epoxyeico-
satrienoic acids (EETs) [80]. In the pulmonary vasculature, EETs and HETEs have
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vasoconstrictive, inflammatory, and mitogenic/angiogenic effects and have been
implicated in the development of experimental hypoxic PH [81-84]. Noteworthy, in
PAH patients increased production of HETEs correlates with a poor prognosis [85].
E2 not only stimulates production of HETEs and EETs but also by inhibiting expres-
sion/activity of soluble epoxide hydrolase (sEH) [86] suppresses the degradation of
EETs. Several lines of evidence link low sEH activity to the pathophysiology of PH:
(1) the lungs from PH patients express no/little sEH; (2) E2-, genetic-, and pharma-
cologically induced downregulation of sEH potentiates hypoxic vasoconstriction;
(3) hypoxia downregulates sEH; and (3) sEH—/— mice have exacerbated pulmonary
vascular remodeling when exposed to chronic hypoxia [87-89]. Therefore, elevated
E2 levels in PAH through a feed-forward mechanism may shift both E2 and AA
metabolism toward production of pro-inflammatory/angiogenic/mitogenic metab-
olites. Based on its inhibitory effects, 2ME should suppress the production of these
pathogenic E2 and AA metabolites (Figure 2).

3. Divergent effects of 2ME and estradiol in pulmonary endothelium
in PAH

Dysregulated angiogenesis with formation of occlusive and plexiform lesions
is a hallmark of PAH. Although estrogens provide protection in healthy systemic
vascular beds, they have opposite effects on malignant proangiogenic/highly prolif-
erative vessels [90] that share many similarities with vascular changes in PAH. The
highly proliferative apoptosis-resistant cells in the central core of vascular lesions
in PAH have elevated MAPK activity; increased expression of HIF-1a, VEGF
protein, and VEGF-2 receptor; and low expression of p27kipl (marker of low cell
growth) [15, 16]. In human pulmonary artery ECs (hPAECs) and at physiological
concentrations (1-10 nM), E2 (1) stimulates cell proliferation [91]; (2) promotes
the phosphorylation of p42/44 and p38 MAPK via ERs; (3) downregulates the cell
cycle inhibitor p27Kipl; (4) stimulates cell migration; (5) induces HIF-1a expres-
sion and VEGF synthesis; and (6) protects against apoptosis [92-94]. Also, E2
stimulates proliferation of human pulmonary artery vascular smooth muscle cells
(hPASMCs). In canine pulmonary arterial segments, E2 tends to inhibit prolifera-
tion of PASMCs in segments with intact endothelium but significantly enhances
proliferation in segments stripped of endothelium [95], suggesting opposite effects
of E2 in intact versus injured pulmonary vessels. Thereby, in the pulmonary vas-
culature exposed to known and unknown multiple hits, estrogens may potentiate
pathological endothelial remodeling in PAH (Figure 3).

In contrast to E2, it is well established that 2ME has strong anti-angiogenic,
antiproliferative, and pro-apoptotic effects [96] and thereby may prevent PAH or
inhibit the progression of PAH. In this regard, of particular importance for PAH
are the effects of 2ME on the HIF-1a/ VEGF axis. One of the most consistently
reported effects of 2ME is HIF-1a downregulation, and 2ME has been increasingly
used as pharmacological tool to inhibit HIF-1a in numerous studies outside the PAH
field. HIF-1a transcriptional activity regulates more than 40 genes and respective
proteins, including those that play a key role in vascular reactivity and angiogenesis
[97, 98]. The role of HIF-1a in PAH is supported by multiple findings including the
following: (1) obliterative endothelial lesions in severe PH in humans overexpress
HIF-1a [15]; (2) in experimental PH there is similar increase in HIF-1a that cor-
relates with the development of PH and pulmonary vascular remodeling and RV
hypertrophy; (3) heterozygous deficiency in HIF-1a protects against the develop-
ment of PH [99, 100]; and (4) pathologic normoxic HIF-1a signaling activation
leads to the glycolytic shift (the Warburg effect) in highly proliferative ECs [101].
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Figure 3.

In the injured highly proliferative/angiogenic endothelium in pulmonary vasculature in PAH, 2ME
behaves as biological antagonist of estradiol (E2). 2ME and E2 have opposite effects on key regulators of
angioproliferation (p27Kip1, AKT, HIF1-a, VEGF), and 2ME is a more potent modulator of prostacyclin,
endothelin, and nitric oxide synthesis/release than E2.

Hypoxia stimulates 2ME formation which inhibits the production of hypoxia-
driven angiogenesis and angiogenic cytokines (VEGF and FGF-2) [31, 102]. Therefore,
2ME should be viewed as a local modulator that fine-tunes the rate of angiogenesis.
Recent studies in experimental PH support the notion of 2ME as a local anti-angio-
genic factor in PAH and E2 as promoter of angiogenesis. For example, (1) basal HIF-1a
protein expression is higher in female hPASMCs than in males; (2) the antimitogenic
effects of 2ME in hPASMCs are associated with reduced HIF-1a expression; (3) 2ME
attenuates intermittent and chronic hypoxia-induced PH [22, 103, 104]; (4) in both
male and female hypoxic PH rats, 2ME attenuates the disease while decreasing HIF-1a
protein expression [103]; (5) female rats with Sugene 5416 + hypoxia (SU+Hx)-
induced PH have more severe occlusive and plexiform lesions and sporadically develop
grade 6 lesions (necrotizing arteritis); (6) E2 exacerbates angioproliferative lesions
and perivascular inflammation in ovariectomized SU+Hzx rats [105, 106]; and (7) in
intact female SU+Hx rats, 2ME, but not E2, exhibits therapeutic effects [107]. The
effects of 2ME in PAH patients are unknown. Yet, at least in experimental angioprolif-
erative PH, 2ME could be viewed as biological antagonist of E2 in the endothelium and
as a modifier of “dysregulated angiogenesis.”

4. Metabolic reprograming and 2ME in PAH

The major metabolic changes that take place in PAH occur in the form of the
shift from oxidative phosphorylation to glycolysis. Known as the Warburg effect,
this event is frequently observed and has been systematically investigated in cancer
tissue. Notably, the Warburg effect has also been reported in pulmonary vascula-
ture cells in PAH patients [108] and linked to highly proliferative, angiogenic, and
apoptosis-resistant cancer cells and vascular cells in PAH. Not surprisingly, the
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Figure 4.
Cellular effects of 2ME that contributes to the reduced E2 production, inflammation, angioproliferation,
metabolic reprograming, and vascular and vight ventricular vemodeling in PAH.

Warburg effect has been explored as a potential anti-angiogenic target in cancer and
more recently in PAH. The HIF-1a transcription factor has been identified as a mas-
ter hypoxic regulator responsible for the metabolic shift in PAH [101, 109]. Hypoxic
induction of HIF-1a leads to overexpression of pyruvate dehydrogenase kinase
(PDK) which results in inhibition of pyruvate dehydrogenase that shunts pyruvate
into glycolysis and induces conversion of glucose to lactate [108]. Dichloroacetate
(DCA), a PDK inhibitor, reverses the Warburg effect and exhibits therapeutic
effects in several animal models of PH [110-112]. Because 2ME is a strong HIF-1a
inhibitor, 2ME should induce metabolic reprograming in PAH. Presently, the effects
of 2ME on metabolic reprograming in PAH are unknown. However, 2ME inhibits
lactate-induced mitochondrial biogenesis in highly proliferative osteosarcoma cells,
and in apoptosis-resistant melanoma cells, 2ME attenuates proliferation and glycol-
ysis by inhibiting HIF-1a and PDK expression [113-115]. Therefore, 2ME could be
viewed as modulator of metabolic reprograming. Further studies are warranted to
investigate the effects of 2ME on the Warburg effect that in PAH is associated with
highly proliferative, angiogenic, and apoptosis-resistant phenotypes (Figure 4).

5. Anti-inflammatory and immunomodulatory effects of 2ME

Inflammation and altered immunity, i.e., perivascular accumulation of inflamma-
tory and immune cells in pulmonary circulation, have been increasingly recognized
as pathogenic factors in PAH [17-19]. In this regard, at young age women have more
robust immune responses than men. Although initially beneficial, with aging these
aggressive immune responses may become detrimental [116]. This may explain why
various immune diseases are remarkably more frequent in women and why many
immune diseases, such as systemic sclerosis (SSc), lupus, and mixed connective
tissue disease, are associated with increased risk of PAH [117]. Furthermore, recently
distinct immune phenotypes have been reported in PAH patients [118]. In experi-
mental PH, dysregulated immunity in the form of deficient regulatory T-cell (Treg)
activity contributes to increased inflammation [20]. Both alveolar macrophages
and immune cells express steroidogenic enzymes including sulfatase and aroma-
tase [119-121]. Inflammatory cytokines, prostanoids, and growth factors regulate
the expression and activity of steroidogenic enzymes, and in turn, sex hormones

84



2-Methoxyestvadiol in Pulmonary Arterial Hypertension: A New Disease Modifier
DOI: http://dx.doi.org/10.5772/intechopen.86812

may influence the production and release of these autocrine/paracrine mediators
[122]. E2 upregulates CYP1B1, aromatase, and sulfatase activity and inhibits sEH
activity. Therefore, in an inflammatory environment, E2 may boost its own produc-
tion, and via a feed-forward mechanism, E2 may enhance the production of pro-
inflammatory, angiogenic, and mitogenic estrogens and increase the accumulation
of pro-inflammatory arachidonic acid metabolites (Figure 2). In contrast to E2,
non-estrogenic 2ME exhibits significant anti-inflammatory effects, largely through
suppression of tissue recruitment and activation of macrophages [123, 124]. This

is one of the most consistent in vivo effects of 2ME seen in experimental models of
cardiovascular and renal injury [125, 126] and in pulmonary hypertension [50, 51,
127-129]. 2ME, its metabolic precursor 2HE, and the synthetic analog 2-ethoxyestra-
diol inhibit influx and activation of macrophages in MCT- and bleomycin-induced
PH, and this inhibition correlates with reduced PH, vascular remodeling, and
fibrosis. 2ME and its metabolic precursor 2HE also inhibit the synthesis of leukotri-
enes [130]. Blocking of leukotriene production by macrophages prevents endothelial
injury and reverses experimental PH [131]. In experimental autoimmune rheumatoid
arthritis, 2ME slows down disease progression by inhibiting inflammatory cytokine
mRNA (IL-1f, TNF-a, IL-6, and IL-17), leucocyte infiltration, and neovasculariza-
tion [31]. In several models of autoimmune inflammatory disease, the beneficial
effects of 2ME were ascribed to the inhibition of immune cell activation, prolifera-
tion, and pro-inflammatory cytokine release [31, 132-134]. Finally, in fibroblasts
from SSc disease patients that are at high risk for developing PAH, 2ME reduces
hypoxia-induced production of connective tissue growth factor and collagen I by
inhibiting the PI3K/Akt/mTOR or HIFa signaling [135]. Collectively, these data in
inflammatory and autoimmune diseases point toward 2ME as potential modulator of
inflammation and immunity relevant to the development and progression of PAH.

6. 2-Methoxyestradiol and the renin-angiotensin system (RAS) in PAH

Evidence suggests that the renin-angiotensin system (RAS) contributes to the
development of PAH [136, 137]. For example, (1) there is increased systemic RAS
activity in patients with idiopathic PAH; (2) in experimental and human PH, ACE
activity and expression are increased in PAECs, PVSMCs, plexiform lesions, and
the RV; (3) increased Ang II type 1 receptor expression and signaling correlates
with PAH progression and vascular remodeling [137-142]; and (4) inhibition of
RAS slows down the progression of MCT-induced PH [143]. Cumulating data also
suggests that 2ME may behave as biological antagonist of Ang II. 2ME downregu-
lates Ang II type I receptors [144-146]. In COMT—/— mice that have reduced 2ME
production, 2ME treatment abolishes hypersensitivity to and injury induced by
Ang II [65]. Furthermore, in CyplB1—/— mice that also have reduced 2ME produc-
tion, 2ME treatment abolishes Ang II-induced oxidative and vascular injury [147].
Finally, of relevance in PAH, in vivo in high RAS activity models, 2ME attenuates
Ang II-induced cardiac and vascular remodeling and fibrosis and isoproterenol-
induced RV and LV hypertrophy and fibrosis [148].

7.Role of 2ME and the metabolic syndrome in PAH

The metabolic syndrome (MS) is recognized as risk factor for PH [149, 150].
Deficiency in PPARy (a downstream target of BMPR?2) and deficiency in apolipo-
protein E and adiponectin (downstream targets of PPARy) have been linked to the
development of PH in rodents [151-153]. Moreover, COMT, via methoxyestradiols,
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has been identified as a major factor modulating insulin resistance. The low-activity
COMT158Val-Met is linked to MS [154], whereas high-activity COMT rs4680 is
associated with lower HbAlc levels and protection from type 2 diabetes [155]. COMT
deficiency in mice leads to disrupted glucose homeostasis [66], and 2ME which
shares structural similarity with PPARy ligands and acts as a PPARy agonist [65,
156] (Figure 4) induces AMPK phosphorylation and improves insulin sensitivity

in COMT-/— mice [66]. 2HE, a metabolic precursor of 2ME and COMT substrate,
activates AMPK in human skeletal muscle, attenuates experimental PH in lean rats,
and reduces MS-induced endothelial dysfunction in obese rats. Moreover, in rats
with polygenic obesity and MS, in both PH-free females and PH male ZDSD rats,
treatment with 2HE reduces glycosylated hemoglobin, RVPSP, and RV-EDP and
attenuates vascular remodeling in male PH rats [157]. These data warrant further
investigation of 2ME in MS-induced PH and support the notion of 2ME as potential
disease modifier in MS-related PH.

8. 2-Methoxyestradiol and current pharmacotherapy of PAH

Despite significant advances in pharmacotherapy of PAH, mortality of patients with
PAH remains high. Therefore, there is still a significant unmet medical need for more
effective therapies. Currently approved drugs for treatment of PAH include medica-
tions that correct for prostanoid deficiency (prostanoids and prostacyclin receptor
agonists) and deficiency of nitric oxide (PDES inhibitors and soluble guanylate cyclase
stimulators) or combat overproduction of endothelin (endothelin receptor antago-
nists). Compared to ECs in healthy vessels, the ECs in affected vessels in PH show
reduced prostacyclin and nitric oxide synthesis and overexpression of ET-1 [158-160].
Noteworthy, compared to estradiol, 2ME is a more potent inhibitor of endothelin syn-
thesis in endothelial cells [48, 161], and 2ME and its metabolic precursor 2HE inhibit
endothelin-induced vasoconstriction [162]. Furthermore, in ECs 2ME is a more potent
stimulator of prostacyclin synthesis than estradiol [163, 164]. 2ME also increases basal
and potentiates stimulated NO production in male and OVX female rats, but has no
effect in intact females, and in vitro these effects are abolished by the eNOS inhibitor
L-NAME [165]. 2ME induces vasodilation by stimulating NO release via PPARy/PI3K/
Akt pathway [166] and increases NO production in uterine artery ECs from pregnant
sheep [167]. Moreover, in L-NAME-treated rats, 2ME attenuates severe hypertension
and renal, cardiac, and vascular injury and inflammation and reduces mortality by 87%
[125]. Likewise, 2ME exhibits beneficial effects in MCT-induced PH and efficacy com-
parable to that of bosentan and sildenafil. Importantly, in combination with bosentan
or sildenafil, 2ME has synergistic therapeutic effects (further reduces vascular remod-
eling, inflammatory responses, and survival) [128]. Finally, none of the approved
therapies for PAH affects endothelial remodeling and “dysregulated angiogenesis” in
pulmonary vasculature; in contrast, as discussed above in Section 3, 2ME is a strong
anti-angiogenic agent and inhibitor of HIF-VEGF axis that is critical for the metabolic
shift and development of occlusive and complex vascular lesions. Altogether, these
data clearly indicate 2ME as a promising pharmacological agent capable of providing
additional benefit in PAH patients on standard single or combination therapy:.

9. Pharmacokinetic aspects of the development of 2ME as a disease
modifier in PAH

The safety and efficacy of 2ME in human PAH are unknown. However, over the
past two decades, numerous phase I and II clinical trials have been conducted to test
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the safety and antitumor efficacy of 2ME in patients with solid malignancies. These
studies show that 2ME is well tolerated and safe in doses up to 3 g/day. Unfortunately,
even high oral doses of 2ME achieve only low plasma 2ME concentrations due to high
pre-systemic metabolism (glucuronidation) in the liver. In experimental PH, thera-
peutic effects of 2ME are achieved by much lower doses (240 pg/kg/day) delivered
by subcutaneous micro-infusions that produce high physiological concentrations of
2ME (~3 ng/ml; equivalent to levels observed during the last trimester of pregnancy)
[168]. At these concentrations, 2ME does not induce estrogenic effects. In rats with
MCT-induced PH, although higher doses of 2ME do not additionally reduce PH and
RV hypertrophy, higher doses do further inhibit media remodeling and inflamma-
tion [127]. Likewise, in contrast to oral administration in healthy volunteers and
cancer patients, subcutaneous administration of a long-acting formulation of 2ME in
doses up to 10 mg produced blood levels of 2ME >1 ng/ml over a 3-week period, with
no estrogenic or other adverse effects reported [169]. Currently, various parenteral
formulations of 2ME with supposedly high bioavailability are under investigation.

10. Conclusions and future directions

An expanding body of knowledge indicates that many of the beneficial cellular
and systemic effects of E2 are due, at least in part, to its major and non-estrogenic
metabolite 2ME. This underscores the importance of estradiol metabolism to 2ME
in women’s health and suggests that 2ME deficiency may contribute to many female
predominant diseases, including PAH. 2ME should not be viewed only as partial
mediator of E2 effects but in PAH should be considered a moderator of the harmful
effects of estrogens related to several key events in PAH including altered estradiol
and arachidonic acid metabolism, angiogenesis, inflammation, harmful immune
responses, metabolic syndrome, and metabolic reprograming. The above discussion
hopefully makes the case for 2ME as unrecognized disease modifier in PAH.
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