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Preface

We are privileged to introduce this new collaborative work in the field of interven-
tional pulmonology.

From Thoracic Surgery to Interventional Pulmonology: A Paradigm Shift is an
exciting alliance between thoracic surgery and interventional pulmonology experts
that seeks to outline and discuss options available to practitioners surrounding 15
difficult topics which regularly confront interventional pulmonologists and thoracic
surgeons.

As minimally invasive techniques and devices have rapidly advanced owing to
technological improvements, the options for treatment of difficult airway, pleural
disease, as well as staging and diagnosis of cancer have leapfrogged forward at an
amazing pace.

With this advancement, we must ever serve our patients to offer the most effica-
cious options for their individual needs.

As such, this book offers reviews of specific questions with each chapter written
with the collaboration of both an interventional pulmonologist and thoracic surgeon.

With this timely subject matter tailored to some of the most difficult questions in
pulmonary medicine and thoracic surgery, we hope the readers will gain insight into
the powerful collaboration available between our disciplines for the improved care
of our patients.

Casper, Wyoming, USA J. Francis Turner, Jr.
Clarksburg, WV, USA Prasoon Jain
Toronto, ON, Canada Kazuhiro Yasufuku

Cleveland, OH, USA Atul C. Mehta
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Chapter 1
Rigid Versus Flexible Bronchoscopy

Sameer K. Avasarala, Erin A. Gillaspie, and Fabien Maldonado

History

Rigid Bronchoscope

Professor Gustav Killian at the Poliklinik of Freiburg University (Germany) is cred-
ited with performing the first therapeutic rigid bronchoscopy on March 30, 1897 [1].
An animal bone was extracted from the right bronchus of a 63-year-old farmer [2].
A Mikulicz-Rosenheim rigid esophagoscope with rigid forceps was used for the
procedure [1]. It was not the first rigid bronchoscopy Professor Killian had per-
formed, but it was the first with a therapeutic intent [3, 4]. Chevalier Jackson was
the first to perform rigid bronchoscopy in the United States [2]. He is widely
regarded as an innovator in the field of otorhinolaryngology. It is reported that his
clinical practice leads to a decline in the mortality rate of airway foreign body from
98% to 2% [5].

The advent of the flexible bronchoscope (FB) in the 1960s leads to a profound
decline in the use of the rigid bronchoscope (RB). The development of the FB is
regarded as disruptive technology; the ongoing utility of the RB came into ques-
tion [6]. However, due to technological advances, the use of the RB saw a resur-
gence in the late twentieth century. Edwin Boyles is credited with developing the
optical telescope with forward and angle viewing. Other key landmarks in the
history of rigid bronchoscopy include the use of the carbon dioxide laser by
Laforet (1976), the application of neodymium-doped yttrium aluminum garnet
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(Nd:YAG) laser by Toty (1981), and endobronchial electrosurgery being per-
formed by Hooper Jackson (1985) [6, 7]. The initial report by Toty et al. described
the use of Nd:YAG to treat 164 patients with benign or malignant central airway
obstruction [7]. The refinement of the laser photo resection is credited to Jean-
Francois Dumon, who is widely considered the father of interventional pulmonol-
ogy [8]. In 1990, Jean-Francois Dumon published his landmark case series (188
prosthesis, 66 patients) which reported the use of the dedicated, silicone tracheo-
bronchial stent [9].

Flexible Bronchoscope

The prototype device now known as the FB was developed in 1964; its creation is
credited to Shigeto Ikeda [1]. The initial iteration of a usable instrument contained
over 15,000 glass fibers. Later, the Machida bronchoscope incorporated a working
channel; it was used to obtain bronchoscopic biopsies using a flexible forceps [10].
The FB continued to undergo refinement, evolving into the ubiquitous device that
we currently use across specialties. Over the last three decades, there have been
significant technological advances with the design of the FB. Improvements in
lighting, image processing, and compatibility with accessories and devices allow
the FB to remain an important tool for physicians and surgeons who manipulate the
airways. Advancement in stent manufacturing and design has also led to a wider
selection of stents that can be placed via a FB [11].

Design

The design of the RB varies significantly from the FB. In general, the FB is a more
fragile, technologically advanced piece of equipment. The latest generation pro-
vides excellent visualization of the tracheobronchial tree via the use of charge-
coupled device (CCD) chips.

Rigid Bronchoscope

Although a RB can be used in a variety of complex procedures, its design is unas-
suming. In simplicity, it is a straight metallic conduit to the airway. This tube allows
airway visualization and provides a channel to pass and manipulate a variety of
tools. Rigid bronchoscopes have three main components: barrel, multifunctional
head, and an optic with a light source [1]. At present, a handful of companies manu-
facture rigid bronchoscopes and related equipment: Lymol Medical (Woburn,
Massachusetts, USA), KARL STORZ Endoscopy-America (El Segundo, California,
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USA), Novatech (La Ciotat, France), and Richard Wolf Medical Instruments
(Vernon Hills, Illinois, USA). Although made by different manufacturers, the gen-
eral structure of the bronchoscope is similar.

Barrel

The barrel of a rigid bronchoscope is a hollow metal tube, with a beveled distal tip.
They come in a variety of lengths and color-coded diameters. The outer diameter of
rigid barrels ranges from 3 mm to 18 mm. The length of the rigid barrels ranges
from 33 to 43 cm. The tracheal barrels are shorter and bronchial barrels have side
ventilation ports. When the rigid barrel is engaged in a mainstem, the side ventila-
tion ports allow for contralateral ventilation. The proximal end of the barrel con-
nects to the multifunctional head.

Selecting the appropriate diameter of a barrel is an important consideration. It is
predicated on several variables, including the indication and the patient’s anatomy.
Diameters that are too large may be difficult to pass through the glottis or stenotic
airway. Barrels that are too narrow create challenges for adequate ventilation, con-
strain the use of instruments, or are not useful in dilating an airway. Smaller diam-
eter barrels can be more easily introduced into the mainstem bronchi and bronchus
intermedius. However, limitations in the internal diameter may hinder the ability to
use multiple tools simultaneously.

Multifunctional Head

The multifunctional head (also referred to as a universal barrel) is an interface which
allows rotation and attachment of the barrel to a variety of accessories and the ven-
tilation system. A ventilation circuit is attached via the ventilation port; a closed or
open ventilation strategy may be used. Depending on the type of RB that is used, the
multifunctional head can be an independent piece which attaches to the barrel or be
a unified extension of the barrel itself. There are a variety of instruments that can be
introduced through the axial or lateral ports of the RB. These include grasping for-
ceps, large biopsy forceps, suction catheters, laser fibers, or a microdebrider.
Additionally, a FB can be passed through the RB to access airways that are beyond
the reach of the rigid bronchoscope.

Optics and Light Source

There are several optics and light sources that can be used to illuminate a RB. Like
other RB-related equipment, lighting equipment is produced by several manufactur-
ers. The visualization system is comprised of two pieces, an optic (also referred to
as a telescope) and a light source. The optic is made from a thin glass rod, which is
connected to a proximal light source via fiber-optic cable.
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Fig. 1.1 Assembled rigid bronchoscope. Most models of rigid bronchoscopes must be fully
assembled for use. A fully assembled rigid bronchoscopy is comprised of several interchangeable
pieces: barrel (B) with beveled tip (A), multifunctional head (C), lateral port of multifunctional
head (D), adapter for jet ventilation (E), telescope (F), light source (H), and camera (G)

An illuminated optic is typically paired with a camera to allow the endoscopic
image to be projected on a display. The traditional way of direct visualization via
the eyepiece of the optic is rarely used nowadays. Depending on the video processor
unit available at a given institution, there are a variety of adapters that can be used
to attach the optic and light source to the monitor.

The assembly of the barrel, multifunctional head, and optic (with light source)
allows for the formation of a robust tool that is essential in the armamentarium of
airway specialists (Fig. 1.1).

Flexible Bronchoscope

Flexible bronchoscopes have undergone tremendous evolution over the last four
decades. Most practitioners currently use a true video bronchoscope, which did not
become available until 1987 [1]. It was at that time that a CCD chip was able to be
miniaturized and used within an endoscope. Older models used optical fibers as a
conduit for image transmission through the insertion tube and handle, to an eye-
piece or display [12].

The latest generation of bronchoscopes allows options for magnification, inser-
tion tube rotation, use of narrow band imaging, and up to 210-degree tip angulation
[13]. Although specifications vary considerably among manufacturers, the FB is
comprised of several key components: cable for light source and imaging process-
ing, control level, suction channel, catheter insertion channel, and the insertion tube.
The insertion tube contains important parts that allow the FB to visualize, illumi-
nate, and maneuver (Fig. 1.2). Flexible bronchoscopes with fiber-optic bundles are
still used but mostly in the context of hybrid bronchoscopes [1]. In these models, the
insertion tube contains the fiber-optic bundle, which transmits images to the CCD
chip that is housed in the control head.

The size of the working channel is an important variable in the selection of a FB
for a given procedure. Flexible bronchoscopes with a large working channel
(2.8 mm) allow for more meaningful suctioning and easier passage of instruments
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Fig. 1.2 Cross-sectional schematic of the insertion tube of a flexible bronchoscope. The insertion
tube of flexible bronchoscope houses several key fragile components. The instrument channel (A)
allows for suctioning or passage of tools. The image guide fiber bundle (B) allows for visualiza-
tion. The light guide fiber bundles (C) allow for illumination. Angulation wires (D) allow for
anteflexion and retroflexion of the distal end of the flexible bronchoscope. These components are
wrapped in a metal mesh (F), which is surrounded by the external covering of the insertion tube (E)

via the working channel. Although there are tools that can be passed through a
2.0 mm working channel, the applications remain limited. For example, a 1.9 mm
cryoprobe can be passed through a 2.0 mm working channel, but the significant
amount of friction between the probe and inner walls of the working channel may
make it challenging to use.

Contemporary Applications

Rigid bronchoscopy is a procedure that is performed by trained interventional pul-
monologists, thoracic surgeons, and otorhinolaryngologists. It has a wide array of
applications in the management of both benign and malignant airway diseases. The
structure of the barrel provides a large working field within the major airways such
as the trachea, mainstem bronchi, and bronchus intermedius. The complementary
use of the FB and RB within a single procedure allows access and the ability to
intervene on many areas of the tracheobronchial tree. For interventional pulmonolo-
gists and thoracic surgeons, both bronchoscopes are invaluable tools in a variety of
clinical scenarios: central airway obstruction, tracheobronchial stent management,
massive hemoptysis, and airway foreign bodies [14].
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Central Airway Obstruction

Historically, 20-30% of patients with primary lung cancer developed central airway
obstruction [15]. More contemporary data suggest an incidence around 13% [16]. In
addition to malignancy, there are a variety of benign disorders that can compromise
central airways: post-tracheostomy tracheal stenosis, post-intubation tracheal steno-
sis, idiopathic subglottic stenosis, complications of lung transplantation, or compli-
cations of inflammatory disorders [17, 18]. The most common cause of benign
central airway stenosis is post-intubation traumatic stricture [19]. Anatomically,
central airway obstruction can be classified by its extent and type. Extent is deter-
mined by the length of involvement; the type may be categorized as extrinsic, intrin-
sic, or mixed.

It is estimated that management of central airway obstruction accounts for 70%
of all rigid bronchoscopies performed [20]. The RB has a variety of advantages in
the management of central airway obstruction. The large barrel can be used to
secure, core, and dilate the airway. It also acts a passageway for the FB and other
endoscopic tools. More recently, the RB has been used as a conduit for application
of spray cryotherapy in the management of central airway tumors [21]. The barrel
provides a large egress channel for nitrogen to escape, which mitigates the risk of
the development of pneumothorax (Fig. 1.3). This risk is present since the gas
expands by a factor of several hundred once released from the catheter [22].

Fig. 1.3 Rigid bronchoscopy with spray cryotherapy. The barrel of the rigid bronchoscope allows
for the procurement of a relatively large, secure working field within the airway. This is advanta-
geous in a variety of scenarios. When performing spray cryotherapy, the rigid bronchoscope pro-
vides for a large egress channel. This is essential since the liquid nitrogen that exits the distal tip of
the cryotherapy catheter (A) expands several hundred-fold while freezing the target (frost high-
lighted by the white arrow). Without adequate egress, this rapid expansion poses a risk for pneu-
mothorax development secondary to barotrauma
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The RB has advantages when performing ablative therapy. It allows the concur-
rent use of multiple instruments, including a rigid suction catheter. In this scenario,
an ablative therapy such as ND:YAG laser can be used to devitalize a tumor while
the large bore suction catheter is in place to quickly control any bleeding. Timely
use of the RB has important implications for patients with central airway obstruc-
tion. In a retrospective study that evaluated 32 patients with central airway obstruc-
tion (malignant or benign) requiring an admission to the intensive care unit,
emergent rigid bronchoscopy with dilation, laser debulking, or silicone stent inser-
tion led to improvements in clinical status. Twenty (62.5%) patients were able to be
immediately transferred to a lower level of care after intervention [23].

Flexible bronchoscopy also has applications in central airway obstruction. When
inserted through an endotracheal tube or laryngeal mask airway, it can serve as a
useful tool in selected patients with central airway obstruction. Generally, a FB is
more readily available than a RB. Of the 1115 therapeutic procedures captured in
the AQUIRE Registry, 382 (34%) were performed with a FB [24]. Flexible bron-
choscopy has the advantage of being able to be performed under moderate sedation
[25]. Most endoscopic ablative tools (electrocautery, argon plasma coagulation, cer-
tain lasers, cryoprobe, and spray cryotherapy) can be used through the working
channel of a FB. Mechanical debulking using flexible forceps is possible, although
it is not as effective as using the dedicated RB debulking forceps [25].

Stent Management

Rigid bronchoscopy is an extremely useful tool in airway stent management. A RB
can be used to place, revise, or remove stents [26]. Traditional management of sili-
cone stents requires the use of a RB. Case reports of silicone stents being placed
without the use of a RB have been published, but this is not generally recom-
mended [27].

To deploy a silicone stent, a stent of an appropriate size, shape, and length is
selected. This stent is folded, lubricated, and loaded into a stent delivery device. The
delivery device passed through the barrel of the RB; the handles of the delivery
apparatus are manipulated to deploy the stent at its intended site. Large grasping
forceps are used to change the stent’s position post-deployment (Fig. 1.4). The same
forceps can be used to remove a silicone or other type of stent [28].

Self-expanding metallic stents can be deployed via the use of a FB or RB. Depending
on the size of the stent, some may even be deployed under direct visualization through
the working channel [29-31]. Due to increased maneuverability of the FB, lobar
stenting may be achieved [32-34]. Most stents placed via a FB are done via guide-
wire and the use of fluoroscopy. Stent deployment with the exclusive use of the RB is
limited to the trachea, mainstem bronchi, or bronchus intermedius.

The RB is a powerful tool that can be used for the removal of stents [35]. This is
particularly important in the management of uncovered metallic stents that have
been in the airway for some time, as there is often granulation tissue and scarring



Fig. 1.4 Silicone stent
placement. The rigid
bronchoscope is an
essential tool in the
management of silicone
tracheobronchial stents.
The internal diameter of
the barrel provides a
conduit for stent delivery,
repositioning, or removal.
Grasping forceps (A) can
be used to manipulate the
silicone stent to achieve
optimal placement

S. K. Avasarala et al.

Fig. 1.5 Metallic stent complications. Stent-related complications occur commonly, and they
require prompt intervention. Granulation tissue formation is a well-known complication. This
endoscopic view showcases a near-complete tracheal obstruction due to an admixture of in-stent
granulation tissue and mediastinal tissue. This patient had a metallic tracheal stent in situ for sev-
eral months, with radiographic evidence of airway dehiscence

[36]. These stents can get completely embedded into the airway [37]. In scenarios
such as airway compromise due to granulation tissue overgrowth, hemoptysis due to
stent-related complications, or stent-related infections, these stents must be removed
(Fig. 1.5). Removal of these stents can be very challenging and can lead to compli-
cations as severe as loss of the airway and death. In July of 2005, the US Food and
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Drug Administration issued a warning pertaining to the use of covered and uncov-
ered metallic tracheal stents in patients with benign airway disorders [38]. The use
of a RB in these situations allows for the securement of a larger, secure working
field. Even with the use of the RB, manipulation of these stents and surrounding
tissue can cause significant bleeding or the formation of a defect in the airway.
Follow-up surveillance bronchoscopies for post-stent placement monitoring can
be easily performed via FB. However, there is no clear data to suggest these bron-
choscopies are needed. One study suggest that follow-up surveillance bronchoscopy
within 4-6 weeks of stent placement may be useful. It is important to know that
only half of the follow-up bronchoscopies in this study were performed exclusively
with the use of a FB, the rest were with a RB or a FB in combination with a RB [39].
Another study suggests that routine surveillance bronchoscopy after stent insertion
is not an effective practice [40]. Stent-related complications were detected in only
nine asymptomatic patients, less than half of which needed a therapeutic intervention.

Massive Hemoptysis

Massive hemoptysis is a medical emergency. It is a life-threatening condition that
can lead to severe hypoxia, hemodynamic stability, and death. There is no clear
consensus of what volume of blood is considered massive hemoptysis. Common
causes include lung cancer, bronchiectasis, and certain pulmonary infections [41].
In clinical practice, a multimodality approach is needed to diagnose and manage
massive hemoptysis [42]. The use of chest computed tomography and the FB can
help with localization of bleeding and guide intervention [41].

Rigid bronchoscopy can be a useful therapeutic tool in massive hemoptysis. It
allows for the securement of the airway with a large working channel in which mul-
tiple therapeutic tools can be used simultaneously. In scenarios of unilateral bleed-
ing, the side ventilation ports of the barrel can be used to provide adequate ventilation
to non-bleeding lung, while the distal end of the barrel is engaged in and isolating
the bleeding lung. In addition to identifying and treating bleeding, techniques via
rigid bronchoscopy can be useful to clear the airway after bleeding has ceased.
Tools such as the rigid suction catheter and cryoprobe are effective in removing
large clots from the major airways.

Both the FB and RB can be used independently or in tandem for managing
hemoptysis. Flexible bronchoscopy can identify the source in a majority of cases
presenting with massive hemoptysis; however, its diagnostic yield is lower in iden-
tifying a source for mild or moderate cases [43]. While the FB is useful for airway
examination and localization of bleeding, its interventional scope is limited. Perhaps
one of the best uses is in blocking the site of bleeding with a balloon occlusion
device [44].

In combination with bronchoscopy, it is essential to identify the underlying cause
of bleeding and arrange for concurrent intervention such as radiation therapy or
bronchial artery embolism embolization [45, 46].
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Foreign Body Removal

Typically, foreign body aspiration occurs in children, the elderly, or adults with
neurological or neuromuscular disease [47]. The collection of foreign bodies
removed by Chevalier Jackson is on display at the Miitter Museum in Philadelphia,
Pennsylvania. This display includes over 2000 objects that were removed during Dr.
Jackson’s career [8].

Several points of controversy exist when deciding using either a RB or FB for the
removal of foreign bodies within the adult airway. A similar debate exists in the
gastroenterology literature [48]. In pediatric medicine, many consider foreign body
removal via rigid bronchoscopy as the standard of care [49]. This is because the
airways of a child are narrower, and there is a higher risk of complete airway
obstruction. The RB barrel allows for a secure ventilation route, with a lower chance
of complete airway obstruction. In contrast, there is data to support a FB centered
approach for the removal of foreign bodies in pediatric airways [50].

When used appropriately, a FB has a high success rate in the removal of inhaled
foreign bodies. In most instances, flexible bronchoscopy can be considered an
appropriate initial approach for the extraction in adults. Rigid bronchoscopy may be
the preferred approach in scenarios presenting with respiratory distress, when
extraction is expected to be challenging, or flexible bronchoscopy has already failed
[47]. Rigid bronchoscopy is most useful for removal of foreign bodies from the
major or proximal airways (trachea, left or right mainstem bronchus, or bronchus
intermedius). It has limited application in more distal airways, which is an area in
which flexible bronchoscopy can be useful.

Data has shown that foreign body removal with a FB has a high success rate. A
retrospective bronchoscopy database has shown that over 90% of foreign bodies
were successfully removed with no major complications, using a FB [51]. In gen-
eral, the use of FB allows for a more thorough examination of the airways. It is also
very useful in the clinical scenarios in which the neck cannot be manipulated, which
would prevent intubation via a RB [47].

Foreign bodies that could damage the airway (thumbtacks, nails, glass, etc.) need
to be removed with extreme caution, often necessitating the use of the protective
stainless steel RB barrel or an endotracheal tube [50]. Larger foreign bodies may not
be able to be removed using a FB endotracheal tube. These must be removal via the
barrel or the RB or be engaged at the distal end of the barrel and removed en bloc
with the RB [50].

Contraindications

There is significant overlap in the list of contraindications for flexible and rigid
bronchoscopy. A majority of which are relative, and they are summarized in
Table 1.1. Severe respiratory failure may preclude safe performance of therapeutic
bronchoscopy. In some instances, extracorporeal life support may be used to help
facilitate bronchoscopy. At present, related data is limited to case reports [52—54].



1 Rigid Versus Flexible Bronchoscopy 11

Table 1.1 Contraindications for flexible and rigid bronchoscopy

Flexible bronchoscopy Rigid bronchoscopy

Absolute | Refractory hypoxemia, Limited mouth opening, unstable midline facial
hemodynamic instability, lack of | fractures, obstructions at the larynx, and limitation
informed consent, inexperience | in cervical spine hyperextension or rotation

of operator, life-threatening (caution in patients with rheumatoid arthritis and
arrhythmias atlantoaxial subluxation and instability), absolute
contraindications for flexible bronchoscopy
Relative | Severe hypoxemia, recent High oxygenation requirements with high PEEP
myocardial infarction, needs, relative contraindications for flexible
coagulopathy, pulmonary bronchoscopy

hypertension, elevated increased
intracranial pressure, pregnancy

Abbreviations
FB Flexible bronchoscope, RB Rigid bronchoscope, Nd:YAG Neodymium-doped yttrium alumi-
num garnet, CCD Charge-coupled device

There often concerns surrounding the performance of therapeutic bronchoscopy
(flexible or rigid) in patients with space-occupying brain lesions. This is not a rare
scenario since bronchoscopy is often performed in patients with metastatic cancer.
In a study by Grosu et al., 12 patients with space-occupying lesions underwent rigid
bronchoscopy with general anesthesia, without complication. Due to a small sample
size, the results cannot be generalized. Larger studies are needed to assess the safety
of bronchoscopy under general anesthesia in this specific patient population.

Complications

Overall, therapeutic bronchoscopy is a safe procedure. Whether performed with a
FB or a RB, the most concerning complication is the development of malignant
cardiac arrhythmias secondary to severe hypoxia. Local complications with flexible
bronchoscopy are usually related to use of concurrent therapeutic tools: airway tear
with balloon dilation, hemorrhage with cryotherapy, or airway fire with hot ablation
modalities [55, 56].

With the use of a RB, traumatic complications such as tracheal or bronchial wall
rupture may also occur. Less severe complications such as injury to the teeth, gums,
or the larynx can often be avoided with a careful intubation technique.

The AQuIRE Registry captured 1115 therapeutic bronchoscopy procedures per-
formed over 15 centers within the United States [24]. Only 44 complications were
reported, 24 of which resulted in an adverse event. Six complications resulted in
death. Most patients in this registry had primary lung cancer. It is important to note
there was significant variation in use of rigid bronchoscopy among the contributing
centers. Outcomes related to each modality of bronchoscopy are detailed below.

When performed by appropriately trained individuals, rigid bronchoscopy is a
safe procedure. In a prospective study that analyzed 3449 procedures using a RB
[57], major complications occurred in 48 procedures; hypoxemic respiratory failure
was the most serious complication. Data from the AQuIRE Registry also showed
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low complication rates among therapeutic procedures performed with a RB
(n = 733) [24]. The overall complication rate was 3.4% (25 patients); 0.5% (four
patients) had a complication that resulted in death. Most patient underwent rigid
bronchoscopy as their first therapeutic bronchoscopy (n = 542). Of this group,
17.5% (95) died within 30 days. In a retrospective study that analyzed 775 rigid
bronchoscopies between 1992 and 1999 at a tertiary care hospital, 103 patients had
complications (13.4%), but most were mild [58]. Three deaths occurred; two were
due to severe hemorrhage and one due to respiratory failure. An overall procedure-
related mortality rate was reported to be 0.4%. Most of the patients in this study had
advanced lung cancer. On analysis, risk factors associated with severe complica-
tions included patients with underlying respiratory, cardiac, or hematologic disor-
ders and patients with tumors or foreign bodies in their airway. Patients with
neoplastic carinal involvement were at the highest risk of developing
complications.

In a single-center retrospective study that evaluated 79 therapeutic rigid bron-
choscopy procedures, major bleeding occurred in 3.8% of patients and postopera-
tive respiratory failure occurred in 5.1% of patients [59]. The overall 30-day
mortality rate was 7.6%. Ninety percent of patients in this study had malignant
disease.

The AQuIRE Registry also captured data for therapeutic bronchoscopy per-
formed with a FB (n = 382) [24]. A 5% overall complication rate was reported in
this group. Less than half of these lead to an adverse event. Complication rate lead-
ing to death was also low (0.5%). In summary, a large body of medical literature
attests to the safety of therapeutic airway interventions being performed using the
RB or FB.

Training and Future

Appropriate training is essential to attaining procedural competency. Bronchoscopy
is commonly performed by a variety of specialties (critical care medicine, pulmon-
ology, anesthesiology, general surgery, otorhinolaryngology, and thoracic surgery);
flexible bronchoscopy training is highly variable. Metrics used to assess compe-
tency and minimum procedural requirement vary by professional organization. The
Accreditation Council for Graduate Medical Education Program Requirements for
graduate medical education in Pulmonary Disease and Critical Care Medicine states
that fellows must perform at least 100 flexible bronchoscopy procedures during
their training [60].

The joint American Association of Bronchology and Interventional Pulmonology,
Association of Interventional Pulmonary Program Directors, American College of
Chest Physicians, American Thoracic Society, and Association of Pulmonary and
Critical Care Medicine Program Directors summary addresses the minimum num-
ber of therapeutic procedures that must be performed at a given institution for
accreditation of an interventional pulmonology fellowship [61]. A recommendation
of an annual institutional case volume of 50 rigid bronchoscopies was made.
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However, readiness for independent practice is determined by the program director
of the interventional pulmonology fellowship. Australia, some European nations,
and China have their own forms of formal training or certification [62].

Simulation-based training appears to be beneficial in learning flexible bronchos-
copy skills [63-65]. A study by Mallow et al. showed that bronchoscopists with
former video game playing experience may have lower airway collision rates [66].
A systemic review and meta-analysis concluded that simulation-based bronchos-
copy training is effective [67]. Overall, simulation training was found to be benefi-
cial when compared to no intervention. The differences between training and
clinical instruction were not significant [67].

There are no validated metrics to assess therapeutic flexible bronchoscopy skills.
There is some literature that speaks to training with a RB. A study among anesthe-
siologists suggested that the technical skill of rigid bronchoscopy can be acquired
within ten repetitions on a manikin [68]. The scoring system RIGID-TASC has been
studied to assess the skills of basic rigid bronchoscopy. It is a checklist-based tool
that assesses key steps in rigid bronchoscopy, from bronchoscope assembly to bron-
choscope guidance and time to procedure completion. Scores can distinguish rigid
bronchoscopy skills among novice, intermediate, and expert operators [69].

Although the design of the FB has been undergoing significant evolution, RB
design has remained relatively stagnant. Novel robotic rigid bronchoscopy plat-
forms are being evaluated. A study on ex vivo animal models and cadavers has
shown that a robotic rigid bronchoscopy platform was able to successfully reduce
central airway obstruction and force applied to a patient’s head and neck [70].

Conclusions

In summary, the FB and RB work in tandem to successfully manage a variety of
airway diseases. The ability to be facile with both tools is an essential skill of any
physician who manages complex airway diseases. Both instruments have evolved
over the course of the past few decades. The list of accessory equipment that can be
paired with either of these bronchoscopes continues to grow. There is significant
overlap in their indications; complementary use in the appropriate clinical scenarios
can lead to positive outcomes with low complication rates.
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Chapter 2
Biopsy for Diffuse Lung Diseases: Surgical
Vs Cryobiopsy

Check for
updates

Stefano Gasparini, Martina Bonifazi, and Armando Sabbatini

Introduction

The term “diffuse parenchymal lung diseases (DPLDs)” includes a wide spectrum
of heterogeneous entities with different etiologies, prognosis, as well as treatment
options. Due to the recent progresses in therapeutic landscape of DPLPs, the dis-
tinction between idiopathic pulmonary fibrosis (IPF), the most prevalent and severe
form, and other diseases has become essential for a proper management [1].
However, an accurate diagnosis of IPF is a challenging process, as, according to the
ATS/ERS guidelines [2], it requires an integrated multidisciplinary approach involv-
ing pulmonologists, radiologists, and, in more complex cases, also pathologists. The
diagnostic work-up of DPLDs, indeed, includes a thorough clinical history, mainly
focused on familial background, environmental/occupational exposure and drug
intake, a careful physical examination, lung function tests, high-resolution com-
puted tomography (HRCT), bronchoalveolar lavage, and, in case of still inconclu-
sive results, a lung tissue sample. In this context, the role of conventional
transbronchial lung biopsy is limited to the exclusion of specific disorders (i.e.,
sarcoidosis, carcinomatous lymphangitis, organizing pneumonia), since the small
sample size, the rate of crush artifacts, and the high likelihood to sample mostly
centrilobular areas do not allow to properly identify more complex and spatially
heterogeneous morphological patterns [3].
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Surgical lung biopsy (SLB) is currently considered as the gold standard when
lung tissue is required [2], but it is characterized by appreciable costs and risks, with
a mortality rate of 2—4% within 90 days [4], even higher in patients with an underly-
ing histological pattern of usual interstitial pneumonia (UIP) [5]. Moreover, many
subjects are not eligible because of a combination of advanced stage, aging, and
comorbidities.

More recently, a valuable, less invasive, sampling technique for morphologic
assessment of DPLDs has been proposed to support clinicians in facing the dilemma
between the need of a complete clinical picture and the risks to obtain it: the trans-
bronchial lung cryobiopsy (TBLC) [3]. For instance, recent advances in compre-
hension of DPLDs pathogenesis have coupled with exciting evolutions in
technologies related to tissue sampling, no longer an exclusive domain of thoracic
surgeons. The growing amount of data supporting risk-benefit profile of TBLC in
this context has led to its routine adoption as alternative tool to obtain lung tissue in
selected interventional pulmonology centers worldwide [6].

However, the role of TBLC in the diagnostic work-up of DPLDs has yet to be
fully established, as evidence-based data on a direct comparison between SLB and
TBLC are still lacking. As a result, nowadays, the choice between the two proce-
dures is mainly based on operator’s experience and local resources, rather than on a
standardized cost-effective algorithm.

In the present chapter, current evidence on diagnostic impact of these techniques
in the multidisciplinary approach to DPLDs will be discussed, mainly focusing on
the risk-benefit profile of each procedure separately and when combined in a
sequential algorithm.

Surgical Lung Biopsy

SLB, whether it be performed via open thoracotomy (open lung biopsy, OLB) or
video-assisted thoracoscopy (VATS), is currently recommended by scientific societ-
ies as the gold standard to obtain an exhaustive morphological picture in the context
of DPLDs [2]. Independent of the surgical method exploited, the diagnostic yield of
the procedure is overall excellent, exceeding 90% in most of studies [4, 7]. In par-
ticular, a recent systematic review and meta-analysis of literature, including more
than 2000 patients from 23 investigations, documented a median diagnostic yield of
95% (range, 42%—100%), and subgroup analyses did not detect any significant dif-
ference according to biopsy site, biopsy number, and the surgical lung biopsy
method [4]. Although concerns have been risen on whether or not to sample the
lingula and middle lobe, most of studies suggested the use of HRTC as guidance to
choose the optimal target, avoiding areas of end-stage fibrotic lung [4, 7].
However, data on safety profile was not entirely reassuring, as the 30- and 90-day
mortality rates from the 16 studies included in the pooled analysis were respectively
2.2% (95% confidence interval [CI], 1.0-4.0) and 3.4% (95% CI, 1.8-5.5). The
composite postoperative mortality was 3.6% (95% CI, 2.1-5.5), but a significant
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heterogeneity among individual studies was observed (12, 65.4%; chi-square, 43.35;
P < 0.0001). To explore potential sources of heterogeneity, a number of subgroup
analyses were performed on the basis of eligibility criteria in individual studies, and
data suggested that strong predictors of a higher mortality risk included
age > 70 years, immunocompromised status, mechanical ventilation dependence,
and a severe respiratory impairment (diffusing capacity of the lung for carbon mon-
oxide <35% or forced vital capacity <55% predicted) [4]. Further factors of a worse
outcome from literature were male sex and the presence of comorbidities, expressed
as a Charlson score >3 [8]. Evidence on role of surgical method (OLB vs VATS)
appeared more controversial, as studies reported heterogenic results [4, 8]. Overall,
a safer profile, in terms of morbidity, mortality, and hospital length of stay, has been
suggested with VATS compared to OLB, although the majority of data were derived
from observational studies [4, 7, 8]. Of note, in a recent large retrospective record-
linkage analysis between national healthcare datasets in England, data on inhospi-
tal, 30-day, and 90-day mortality rate in 2820 patients who underwent SLB for the
diagnosis of DPLDs over 10 years (1997 to 2008) documented a threefold signifi-
cant higher risk of death with open surgery compared to VATS (adjusted odds ratio
2.94 [95% CI, 1.41-6.11]). Moreover, based on this retrospective analysis, the mor-
tality risk in patient aged <65 years with no comorbidities was 1.6%, while in older,
less healthy subjects, it increased to 4.7% [8].

Interestingly, patients with an underlying usual interstitial pneumonia (UIP) pat-
tern at histology, especially in the context of a final diagnosis of IPF, experienced a
higher short-term mortality rate, mainly caused by the onset of acute exacerbation,
characterized by diffuse alveolar damage superimposed on chronic background of
fibrosing features [5]. For instance, although IPF clinical course is usually charac-
terized by an inexorable chronic progression, some patients may develop, at a cer-
tain point, a critical, acute worsening of the disease, known as acute exacerbation
(AE), leading to respiratory failure and death in more than half of cases [2].
Multivariate analyses showed that male sex and advanced stage are significantly
associated with the risk of AE. SLB has been also identified a trigger of AE onset,
occurring usually within 30 days after the procedure, and potential causative factors
include an inflammatory response to the invasive approach, stretch injury during
single lung ventilation, exposure to high oxygen concentrations, and ischemia-
reperfusion [9-12].

To minimize risks related to general anesthesia and one-lung ventilation, awake
VATS biopsy has been recently proposed as a safer, alternative method for lung
sampling [12, 13]. Awake thoracic surgery has been increasingly adopted in differ-
ent settings, including the management of pneumothorax, wedge resection, lobec-
tomy, and lung volume reduction procedures, with satisfactory results. Recent data
on technical feasibility, safety, and diagnostic yield of awake VATS for the diagno-
sis of DPLDs, although derived from limited case series, showed an excellent risk-
benefit profile, independent of the method exploited for regional anesthesia, either
by thoracic epidural anesthesia or intercostal block [12, 13]. In particular, no post-
operative mortality nor major morbidity occurred, and the median length of hospital
stay, as well as procedure-related costs, was overall lower than those of standard
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technique [12, 13]. However, due to the lack of direct comparisons, the role of
awake VATS, although promising, has yet to be validated in larger cohorts.

SLB may also result in postoperative nonlethal complications, including infec-
tions, prolonged air leakage, respiratory failure, and continuing pain complaint at
7-12 months at the biopsy site [9].

Therefore, due to the non-negligible mortality and morbidity burden carried by
SLB, risks and benefits of this diagnostic approach should be carefully balanced
case-by-case, taking into account factors associated with poorer outcomes and the
impact of an accurate diagnosis on management of disease. Moreover, a detailed
discussion with the patient is highly recommended. Once the decision of perform-
ing SLB has been collectively taken, the choice between surgical methods should be
based on surgical expertise, sources, and individual patient characteristics. However,
referring patients to the closest center with experience on less invasive uniportal
videothoracoscopic approach should be preferred.

Transbronchial Lung Cryobiopsy (TBLC)

The first use of cryotechnology for bronchoscopic procedures dates back to 1977, as
therapeutic tool in the context of airway occlusions. The ingenious novelty lies in
using a flexible cryoprobe through a flexible bronchoscope to obtain parenchymal
lung tissue, as recently proposed in a number of studies worldwide reporting their
successful experiences in various populations, including patients with DPLDs, focal
opacities, and transplant recipients.

Technical Aspects

Cryotechnology is composed of console, cryogen, and cryoprobe (Figs. 2.1 and
2.2). It operates by the Joule-Thomson effect, according to which a compressed gas
released at high flow rapidly expands and creates very low temperature at the tip of
the probe, leading to the adjacent adhesion of the tissue. Although nitric oxide may
achieve lower temperatures (minus 80°-89°), carbon dioxide is nowadays the most
common cooling agent used, as in the majority of countries, a regulatory rule ham-
pers the use of the first one in endoscopic suites. The cryoprobe (Fig. 2.2), available
in two different diameters (1.9 mm and 2.4 mm), is inserted through the operating
channel of the flexible bronchoscope under fluoroscopic guidance into the periphery
of the lung. The procedure may be performed either under deep sedation in sponta-
neous breathing or jet ventilation in “intubated” patients (endotracheal tube or rigid
tracheoscope), or under conscious sedation without airways control. Once the probe
has been positioned at 10-20 mm from the pleura, perpendicular to the thoracic wall
under fluoroscopy guidance, it is cooled for 3 to 6 seconds (Fig. 2.3). Then, the
cryoprobe with the frozen lung tissue attached to the tip is withdrawn together with



2 Biopsy for Diffuse Lung Diseases: Surgical Vs Cryobiopsy 23

Fig. 2.1 (a and b) Console (a) and gas cylinder (b)

Fig. 2.2 The cryoprobe

the bronchoscope, and samples are thawed in saline and put into formalin. In some
centers, a bronchial blocker, such as Fogarty balloon, is prophylactically placed at
the entrance of the selected lobar bronchus to minimize potential post-procedural
bleedings and inflated immediately after each sampling (Fig. 2.4). The number of
biopsies ranges from two to six, and their mean size varies from 11 mm?to 157 mm?,
with a mean diameter of around 5-6 mm (Figs. 2.5 and 2.6). From the data pub-
lished so far, a higher size of probe, a longer activation time, and carrying out the
procedure under deep sedation with airways control positively correlate with a
larger sample size. The utility of sampling different segments or even different lobes
is currently under investigation.

A chest radiograph is performed after the procedure routinely in some centers or
only in case of suspected pneumothorax.
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Fig. 2.3 Images obtained under fluoroscopy guidance, showing the probe positioned at 10-20 mm
from the pleura, perpendicular to the thoracic wall

Fig. 2.4 Endoscopic image showing the Fogarty balloon inflated immediately after the sampling
to manage post-procedural bleedings

Diagnostic Yield and Safety Profile

The summary estimate of TBLC diagnostic yield (DY) from meta-analyses of stud-
ies was overall around 80% [14-17], regardless of the criteria used for defining
diagnostic samples (that were either the identification of a specified histological
pattern or the final multidisciplinary diagnosis). In detail, the pooled estimates by
diagnostic definitions were 0.83 (CI 0.64-0.97, 1> 90.20%, p < 0.001) from studies
considering multidisciplinary discussion as the final diagnosis (3 studies including
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Fig. 2.5 Image showing
the size of cryobiopsy
samples

Fig. 2.6 Tissue sections from cryobiopsy showing chronic fibrosis and microhoneycombing

312 patients), 0.80 (0.72-0.87, I 68.10%, p < 0.001) from studies referring to the
detection of specific histological patterns (8 studies including 564 patients), and
0.90 (0.76-0.99, I 95.40%, p < 0.001) from the two studies that did not specify the
diagnostic criteria. The pooled DY by procedural aspects, in terms of type of seda-
tion and airways control, were 0.81 (CI 0.76-0.86) from studies with patients under-
going the procedure intubated under deep sedation (11 studies including 625
patients) and 0.83 (CI 0.64-0.97) from studies with patients not intubated under
conscious sedation (3 studies including 142 patients) [14].

Overall, the safety profile was characterized by a mortality rate at the very least
negligible (<0.5%) [14—17]. Pneumothorax and mild-to-moderate bleeding were
the main adverse events. Pneumothorax rate was highly variable among studies,
ranging from O to 20%, with pooled estimates around 10%, and chest tube drainage
was required in more than half of cases. The heterogeneity among results likely
reflects the proportion of baseline clinical risk factors for its onset, such as
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underlying UIP, pattern, the fibrosis severity at HRCT, the distance from the pleura,
and the operator skills.

Data on bleeding rates were even more difficult to be summarized, as definitions
on its severity were hugely different among studies. Overall, severe life-threatening
bleeding were nearly anecdotal, while mild-to-moderate bleeding were commonly
observed [14—17]. Anyhow, it is worth noting that in one of the largest cohort in
which a bronchial blocker, such as Fogarty balloon, was prophylactically used, no
moderate bleeding occurred [14].

This underlies that the routine use of preventive bronchial blockers and an effec-
tive airways control under deep sedation are highly recommended to reduce and
manage such complication, suggesting also that the procedure should be performed
in centers with experience in the field of interventional pulmonology.

Data on comparison between TBLC and forceps transbronchial biopsy in diag-
nostic work-up of DPLDs and lung tumors, derived from eight studies, showed that
specimen area and DY were significantly superior in the cryobiopsy group, without
substantial differences in safety profile [17].

Although data on DY and safety profile of TBLC were overall satisfying, its role
in diagnostic work-up of DPLDs has been questioned, due to the lack of studies on
a direct comparison with SLB. However, in a retrospective analysis of a prospective
clinical protocol, Ravaglia et al. reported a comparison between TBLC and SLB in
a large cohort of patients from clinical practice. In detail, data on DY and safety
were retrospectively retrieved from 150 patients in VATS group and 297 in TBLC
group. As expected, the DY of SLB (98,7%) was higher than that of TBLC (82,8%),
but the latter procedure offered significant advantages in terms of safety. Mortality
due to adverse event after SLB was observed in four patients (2.7% of total), caused
by acute exacerbation of IPF in all cases. In the TBLC group, only one patient died
after 7 days (0.3% of total) with acute exacerbation of IPF (coexistence of diffuse
alveolar damage and UIP pattern at autopsy) following massive pneumothorax
(treated with drainage and high-flow oxygen) and prolonged air leak. Pneumothorax
was the most common complication after cryobiopsy, occurring in 60 patients
(20.2%), 46 cases (15.5% of total) requiring drainage. No patients needed interven-
tion to control bleeding and there were no cases with persistent fever or pneumonia/
empyema. Other complications were transient respiratory failure (two patients,
0.7%) and neurologic manifestations (seizures in two patients, 0.7%). Regarding
the length of hospitalization, the median time was 6,1 days after SLB and 2,6 days
after TBLC (p < 0,0001), with elderly patients being at higher risk of prolonged
hospital stay.

A further confirmation of valuable role of TBLC in this context came from a
study addressing the impact of this technique on increasing diagnostic confidence in
the multidisciplinary process leading to the final diagnosis in comparison to SLB
[18]. Tomassetti et al., indeed, in their cross-sectional study, involving 117 patients,
documented a major increase in diagnostic confidence after the addition of TBLC,
which was not significantly different from that of SLB, with similar interobserver
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agreement in IPF diagnosis. However, a methodologic limitation of this study is that
it was focused on diagnostic agreement among experts, rather than on diagnostic
accuracy, although the first has been widely accepted of a reliable surrogate [18].

Cryobiopsy and/or Surgical Lung Biopsy

Diagnosis of DPLDs is a dynamic multidisciplinary process, requiring close com-
munication between clinicians, radiologists, and pathologists. According to current
thinking and international guidelines, SLB should be the procedure of choice when
a pathological assessment is needed for diagnostic confirmation, due to its excellent
accuracy [2]. However, SLB requires endotracheal intubation, general anesthesia,
chest tube placement, and typically hospitalization for several days. Mortality rate,
overall estimated around 2-6% at 90 days, may increase to 18.8% in patients ulti-
mately diagnosed with IPF [14]. These data suggest that the benefits of diagnostic
confirmation must be weighed against the potential risks of life-threatening compli-
cations, especially when IPF is suspected, and, thus, in clinical practice, only
10-20% of patients with fibrotic DPLDs actually undergo a SLB, as many subjects
are not eligible because of a combination of advanced stage, age, comorbidities,
respiratory failure, and pulmonary hypertension. Furthermore, once the surgical
biopsy has been obtained, the interobserver concordance between expert patholo-
gists is not always as high as expected, suggesting that the bigger is not necessarily
the better, as some histological patterns may not be clearly classified regardless of
the dimension of the samples provided [3].

TBLC has been recently advocated as a suitable substitute in this context, as it is
characterized by a better safety profile compared to SLB with a satisfying diagnos-
tic yield, even if lower than the gold standard. However, considering the acceptable
risks related to TBLC, this procedure and SLB should not be necessarily intended
as real competitors in clinical practice, as one patient could undergo TBLC and then
subsequently VATS if the first approach is nondiagnostic [14]. Taking into account
estimates from meta-analyses on mortality of SLB (3.6%, CI 95% 2.1-5.5) and on
diagnostic yield of TBLC (81%, 95% CI 75-87), a diagnostic algorithm including
TBLC as the first option and SLB as the subsequent step has been recently pro-
posed by Ravaglia et al. In detail, two possible scenarios could occur: (1) in the
worst scenario, 25% of patients undergo surgical lung biopsy because of a nondiag-
nostic previous cryobiopsy and surgical lung biopsy has the highest mortality
(5,5%) and (2) in the best scenario, only 13% of patients undergo surgical lung
biopsy because of a nondiagnostic previous cryobiopsy and surgical biopsy has the
lowest mortality (2,1%) (Fig. 2.7) [14]. The “final” risk of mortality will range
between 0,3 and 1,4%. In other words, even in the worst scenario, the mortality rate
related to this diagnostic approach would be significantly lower than the overall
mortality of VATS alone [14].
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Fig. 2.7 Adapted from Ravaglia et al. [14]. The final risk of mortality of a diagnostic algorithm
including TBLC as the first option and SLB as the subsequent step in case of inconclusive results

Conclusion

In conclusion, current data suggest that TBLC plays a remarkable role in the diag-
nostic work-up of DPLDs, as it offers significant advantages in terms of safety com-
pared to SLB, guaranteeing an excellent diagnostic profile. However, the absence of
clinical trials directly comparing the two procedures, due to ethical reasons, makes
it difficult to completely elucidate the relative risks and benefits. In this context,
TBLC and SLB should not be considered as competitors, as they could be integrated
in complementary diagnostic pathways, with TBLC as the first diagnostic approach,
reserving the more invasive surgical procedure in case of not adequate or inconclu-
sive results.

Fifty years have been just passed from the first transbronchial lung biopsy
performed by Andersen in 1965. Since then, interventional pulmonology has
experienced an outstanding evolution, and TBLC, this exciting renewal of an old
technique, represents a further step in such process. However, further prospective
studies are needed to better define relevant technical aspects of TBLC, such as
the optimal number of biopsies to obtain and the utility to sample different seg-
ments or even different lobes, in order to standardize the procedure as much as
possible
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Chapter 3

Management of Lung Nodules:
A Paradigm Shift

Prasoon Jain, Sarah Hadique, Ghulam Abbas, and Atul C. Mehta

Introduction

Lung cancer is the leading cause of cancer-related mortality in the United States
accounting for nearly 154,000 deaths annually. Early lung cancers do not cause
many symptoms. Historically, in the absence of any effective screening tests, less
than one-third of the patients with lung cancer presented with early-stage disease.
An overwhelming majority of lung cancers in the past were detected in advanced
stages for which surgical cure was no longer an option. The growing acceptance of
the low-dose computed tomography (LDCT) for lung cancer screening is changing
the paradigm with the expectation that two-thirds of all lung cancers in the screen-
ing population will be detected in the early stage, hence will be surgically resect-
able. The major breakthrough in this area came with publication of National Lung
Screening Trial (NLST). In this multicenter randomized prospective study, screen-
ing with low-dose computed tomography (LDCT) led to a 20% relative reduction in
lung cancer mortality among high-risk individuals [1]. However, LDCT is far from
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a perfect screening test. In NLST, 27% of subjects had noncalcified nodules on
LDCT. More than 90% of those who had lung nodules on CT underwent further
diagnostic tests. The majority of the lung nodules were nonmalignant with positive
predictive value of 3.8% [2]. In keeping with results from NLST, a more population-
based study from the Netherlands (Nelson trial) showed a 26% reduction in lung
cancer-related deaths with 69% of all cancer detected via screening being still stage
I tumors [3].

Commonly, lung nodule is also discovered as an incidental finding when a chest
CT is performed for an unrelated indication. This is not a trivial problem given that
more than 80 million annual CT studies are performed in the United States alone
[4]. Appropriate management of incidental nodules also requires careful further
assessment of risk of malignancy and need for further workup.

Lung nodules detected on CT screening are often small and not readily accessi-
ble for biopsy. Many elderly patients with numerous comorbidities are found to
have lung nodules with CT imaging. Identifying underlying pathology is critical for
appropriate management, and the key challenge is to accomplish this task with min-
imum risk to the patients. Any procedure-related complication can be viewed as a
net harm from CT screening in a patient who does not have underlying malignancy.
Need for a higher diagnostic yield and lower complications are the two main cata-
lysts for recent technological advances in the field of bronchoscopy. The same needs
have also brought interventional pulmonologists and thoracic surgeons to work
more closely than ever before.

The management of incidentally found nodule remains controversial. For those
with >8-10 mm nodules, positron emission tomography (PET) scan is often helpful
in further risk stratification [5] (Fig. 3.1). Although the gold standard for diagnosis
of small lung nodules is surgical biopsy [6], in many instances, tissue diagnosis is
not warranted, and a video-assisted thoracic surgery (VATS) or robotic pulmonary
segmentectomy with curative intention without tissue diagnosis is the most
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Fig. 3.1 Suspicious left upper nodule in a smoker, highly suspicious for lung cancer (a). FDG
PET scan showed increased uptake (b) without any additional findings. Patient underwent left
upper lobe resection that revealed adenocarcinoma
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preferred approach. In our experience at West Virginia University, 93% of all
patients who underwent robotic segmentectomy or lobectomy without preoperative
tissue diagnosis for suspicious lung nodules were found to have malignant lesions
(personal communication). Similarly, other institutional reports have shown accu-
racy rates of 85% and 95% for suspicious nodules resected without tissue diagnosis
[7, 8]. In this regard, we agree with National Comprehensive Cancer Network
(NCCN) Guidelines that do not require preoperative tissue diagnosis for highly sus-
picious clinical stage I and II non-small cell lung cancer [9].

However, this still leaves a large number of indeterminate lung nodules that
require tissue diagnosis before an appropriate treatment can be offered. Also
included in this category are high-risk patients who cannot undergo surgical resec-
tion due to medical reasons or refuse surgery due to personal preference. Appropriate
management of these patients is a daunting task. Traditional bronchoscopy has little
to offer in this situation.

In this chapter, we discuss the current role of advanced bronchoscopic techniques
in overall management of pulmonary nodules. First, we discuss the role and limita-
tions of various techniques used for obtaining tissue biopsy from peripheral nod-
ules. We further discuss how interventional pulmonologists are moving beyond the
diagnostic role and assisting thoracic surgeons and radiation oncologists in manage-
ment of lung nodules. We also discuss the potential future role of bronchoscopic
treatments for peripheral lung nodules. Finally, we briefly discuss the emerging role
of hybrid theaters in which thoracic surgeons, interventional pulmonologist, and
others work together to provide advanced care and research on pulmonary nodules.

Biopsy Techniques

Obtaining tissue diagnosis for peripheral lesions <3 cm is not easy. In recent years,
several techniques have become available with their associated advantages and limi-
tations [10, 11]. Choosing an appropriate technique requires a comprehensive clini-
cal assessment. Cost and availability of local expertise must be taken into account.
No predetermined clinical pathway can meet every individual need. Practicing cli-
nicians must never be enticed to choose the most modern or expensive procedure.
They should not hesitate to refer patients to regional centers of excellence if a need
for an advanced procedure is determined but cannot be offered locally due to non-
availability of expertise or equipment.

Transthoracic Needle Aspiration

Transthoracic needle aspiration (TTNA) under computed tomography guidance is
commonly used for obtaining biopsy specimen from solitary lung nodules and
masses. The procedure is technically simple and has a sensitivity of more than 90%
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and specificity of 100% for malignant lung nodules [12]. Sensitivity is lower for
nodules smaller than 2 cm in some but not in all studies; pooled sensitivity is still
greater than 90% for such lesions [13, 14]. CT-guided TTNA is also suitable for
predominantly ground glass opacities [15]. The main problem with CT-guided
TTNA is 20-40% risk of pneumothorax [12]. Chest tube is needed in 5-10% of
patients [16]. High incidence of procedure-related pneumothorax is of concern
because many of the patients undergoing this procedure have significant underlying
lung disease such as chronic obstructive pulmonary disease. Risk of major bleeding
is another concern observed in up to 3% of patients. Risk of air embolism and death
is exceedingly low.

Lesions close to pleural surface are most suitable for CT-guided
TTNA. Bronchoscopy is more useful for centrally located lesions. High risk of
pneumothorax also precludes CT-guided TTNA for lesion surrounded by emphyse-
matous bullae.

Conventional Bronchoscopy

The main advantage of bronchoscopy over CT-guided TTNA is its unparallel safety
record with <2-3% risk of major bleeding or pneumothorax. Still, conventional
bronchoscopy has a limited role in obtaining tissue specimen from lung nodules
<3 cm in size. The pooled sensitivity of conventional bronchoscopy is 34% for
lesions <2 cm and 63% for lesions >2 cm [17]. Yield is exceedingly low for lesions
<1 cm, and for lesions not visible on fluoroscopy. Conventional bronchoscopy is not
indicated for these lesions. A higher yield can be expected for a lesion with a posi-
tive bronchus sign [18-20] (Fig. 3.2). It is important to look for more easy targets of

Fig. 3.2 A solitary lung
nodule with positive
bronchus sign.
Bronchoscopy is more
likely to provide diagnostic
specimen from such
nodules
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Fig. 3.3 Chest CT
showing a right upper lobe
nodule with enlarged right
paratracheal lymph node.
FDG-PET showed high
uptake in nodule and
paratracheal lymph node.
Convex probe
endobronchial ultrasound
from lymph node revealed
adenocarcinoma. No
biopsy was deemed
necessary from lung
nodule

biopsy if the lung nodule is not easily accessible. For example, sampling of enlarged
mediastinal lymph nodes with convex probe endobronchial ultrasound may not only
provide diagnosis but also provide essential staging information for most appropri-
ate therapy (Fig. 3.3). Diagnostic yield is increased when multiple sampling proce-
dures including peripheral transbronchial needle aspiration (P-TBNA) are performed
during bronchoscopy [21]. Unfortunately, P-TBNA continues to be underutilized
during bronchoscopy. Data from AQuIRE registry reveals that P-TBNA is used in
<20% of patients undergoing bronchoscopy for confirming diagnosis of peripheral
lung cancer [22].

Lesions <1-1.5 cm are often invisible on fluoroscopy. The same can be said
about predominantly ground glass opacities. A substantial proportion of lung nod-
ules detected on low-dose CT screening have these characteristics. It is intuitive to
understand why conventional bronchoscopy has such low yield for these lesions.
Several other factors limit successful acquisition of diagnostic tissue with conven-
tional bronchoscopy in peripheral lung nodules. The top three reasons are (1) inabil-
ity to identify the correct bronchoscopic pathway to the lesion, (2) inability to
maneuver biopsy instrument to the lesion, and (3) inability to be certain that biopsy
instrument has reached its correct intended destination. Several new bronchoscopic
techniques developed over the past decade to increase diagnostic yield for lung
nodules have revolved around tackling these three basic issues. The new broncho-
scopic techniques include virtual bronchoscopy navigation (VBN), development of
ultrathin bronchoscope, electromagnetic navigation bronchoscopy (ENB), radial
probe endobronchial ultrasound (RP-EBUS), and robotic bronchoscopy. Application
of these techniques has served to offset some of the problems associated with con-
ventional bronchoscopy.
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Virtual Bronchoscopy Navigation

In this technique, thin CT images are used to construct virtual bronchoscopy images.
The system allows the operator to select the target ahead of the actual procedure and
determine the bronchoscopic route to the target (Fig. 3.4). According to a review, the
diagnostic yield of VBN was 73.8% overall, and 67.4% for lesions smaller than
2 cm in diameter [23]. Virtual bronchoscopy navigation can be used with conven-
tional bronchoscopy, but its full potential is realized when used with thin broncho-
scopes in combination with radial probe endobronchial ultrasound. Ishida and
associates performed a randomized study to investigate usefulness of VBN-assisted
bronchoscopy with radial probe EBUS in 199 patients with <3 cm peripheral pul-
monary lesion [24]. Median size of the lesion was 1.8 cm. A thin videobronchoscope

Fig. 3.4 Cavitary mass in apical segment of left upper lobe in a smoker. Virtual bronchoscopy
navigation using Lung Point™ directed the bronchoscopist to approach the nodule through apical
segment of left upper lobe (a). Biopsy using standard forceps revealed adenocarcinoma (b)
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of 4 mm outer diameter was used in all patients. The diagnostic yield was signifi-
cantly higher in VBN-guided procedures (80.4% vs. 67%, p = 0.032).
Bronchoscopy time was also shortened in VBN group. Virtual bronchoscopy
images constructed on the basis of chest CT agreed with actual bronchoscopic
images 98% of the time.

In recent years, many bronchoscopes have become available that have a small
outer diameter but a working channel that can accommodate some biopsy instru-
ments (Fig. 3.5). Use of ultrathin bronchoscopes allows operators to navigate deeper
into the lung. A large study has confirmed the added value of using ultrathin bron-
choscope with VBN and radial probe EBUS. The diagnostic yield was 74% for
<3 cm lesions when biopsy was performed using ultrathin bronchoscope (3 mm
outer diameter with 1.7 mm working channel) along with virtual bronchoscopy
navigation and radial probe EBUS [25]. In comparison, diagnostic yield was 59%
when bronchoscopy was performed using 4 mm bronchoscope using radial probe
EBUS and guide sheath method. The ability to navigate to fifth-generation airways
with ultrathin 3 mm bronchoscope compared to fourth-generation airways with
4 mm bronchoscope was thought to be the major reason for the difference in the
diagnostic yield in two groups.

There are two main issues that limit the usefulness of VBN and ultrathin bron-
choscopes for biopsy of small peripheral nodules. First, even though VBN can direct
the operator to follow a correct path to the lesion, it does not help with maneuver-
ability which becomes increasingly difficult as the operator navigates to most distal
airways. Second, and perhaps more importantly, the small working channel of ultra-
thin bronchoscopes does not always allow use of standard biopsy forceps or periph-
eral TBNA procedure. This is the most likely reason for failure of VBN-assisted
ultrathin bronchoscopy to significantly improve diagnostic yield compared to non-
VBN:-assisted bronchoscopy in a study involving 350 patients with <3 cm periph-
eral pulmonary lesions [26].

Fig. 3.5 Flexible bronchoscopes of different sizes: from left to right, 2.8 mm bronchoscope with
1.2 mm working channel, 3.0 mm bronchoscope with 1.7 cm working channel, 4.0 mm broncho-
scope with 2.0 mm working channel, 4.8 mm bronchoscope with 2.0 mm working channel, and
5.9 mm bronchoscope with 3.0 mm working channel. (Reproduced with permission from
Fielding [99])
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Electromagnetic Navigation Bronchoscopy (ENB)

Electromagnetic navigation bronchoscopy (ENB) is a revolutionary technique that
goes a step beyond VBN. In addition to VBN, ENB involves placement of patient in
a magnetic field during bronchoscopy, use of micro-sensor tip called locatable guide
(LG) to obtain its exact position in the thorax, and integrating this information with
the CT data obtained before the procedure. Evolutionary history and the technical
details of ENB are subjects of several recent reviews [27-28]. The first large clinical
study using this technique was reported from the Cleveland Clinic Foundation in
2006 [29]. In this study, ENB was used to obtain biopsy from 54 peripheral lung
lesions, more than 50% of which were <2 cm in diameter. The diagnostic yield was
74% and pneumothorax rate was 3.5%. The diagnostic yield in subsequent studies
has varied from 33% to 97% [27]. A meta-analysis in 2014 showed a diagnostic
sensitivity of 71%, and negative predictive value of 52% [30]. The NAVIGATE
study provides the most definitive data on diagnostic yield of electromagnetic navi-
gation bronchoscopy. In this multicenter study, the sensitivity and negative predic-
tive value of EMB were 69% and 56%, respectively, in 1157 patients with a mean
nodule size of 20 mm [31]. The procedure is safe. The interim results from initial
1000 patients from the same study showed a pneumothorax rate of 4.9%. Procedure-
related bleeding was reported in 2.3% of patients and respiratory failure in 0.6% of
subjects [32]. Many operators perform ENB under general anesthesia. However,
GA for this purpose is not needed. Similar diagnostic yield can be achieved when
the procedure is performed under intravenous sedation in experienced hands [33].
Several limitations of ENB in biopsy are readily apparent. Not all studies have
reported a high diagnostic yield. For example, the AQuIRE registry has reported a
diagnostic yield of 38.5% with the use of ENB for peripheral nodules [22]. This is
proposed to be due to selection of more difficult cases for biopsy. However, it may
be argued that these are types of cases in which advanced technologies such as ENB
need to show a clear superiority over more conventional techniques. An important
problem with ENB is that it does not provide real-time confirmation of accurate
navigation to the target. Due to this reason, radial probe endobronchial ultrasound
(RP-EBUS) is commonly used during ENB procedure for location and verification
of the target. Combination of RP-EBUS and ENB has a higher diagnostic yield
compared to diagnostic yield of either individual procedure. For example, in a pro-
spective randomized study, the diagnostic yield of combination of ENB and
RP-EBUS was 88%, compared to diagnostic yield of 69% with RP-EBUS and 59%
with ENB alone [34]. In addition, ENB technology has been hampered by naviga-
tion error or CT-body divergence, which is thought to be a major barrier to improv-
ing diagnostic yield with this technique. Recently, superDimension ENB system
(Medtronic, Minneapolis, Minnesota, USA) has secured FDA approval for fluoro-
scopic navigation system which allows better visualization of fluoroscopically
invisible lesions and allows re-registration once LG reaches close to the target using
standard ENB technique. The re-registration of nodule using real-time fluoroscopic
data is thought to reduce CT to body divergence and may help improve diagnostic
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yield. These platforms are discussed later in this chapter. Another approach to cor-
rect this problem is real-time confirmation of target location with cone-beam
CT. Encouraging early results have been reported with combination of ENB and
cone-beam CT [35].

Radial Probe Endobronchial Ultrasound

Radial probe endobronchial ultrasound (RP-EBUS) uses a miniature 20 MHz ultra-
sound probe housed within a flexible catheter that can be introduced through the
working channel to localize the peripheral pulmonary lesion [36] (Fig. 3.6). The
ultrasound probe rotates within the bronchus producing radial 360-degree images
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Fig. 3.6 Radial probe endobronchial ultrasound is placed within the guide sheath (a). Once the
lesion is localized (b), ultrasound probe is removed leaving guide sheath in place. Biopsy instru-
ments are introduced through the guide sheath (c, d). Biopsies are obtained under fluoroscopy (e).
((b, e) were reproduced with permission from Eberhardt [100])
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of the surrounding lung parenchyma. Normal lung gives a snowstorm appearance.
A tumor surrounding the bronchus with RP-EBUS appears hypo-echoic with a clear
hyper-echoic line separating it from surrounding lung. The ultrasound probe can be
introduced directly through the working channel of a thin bronchoscope. More com-
monly, the ultrasound mini probe covered with a disposable catheter called guide
sheath is introduced into the bronchus through the working channel [37]
(Fig. 3.6a—e). In this method, the ultrasound probe is removed once the lesion is
located leaving the guide sheath within the working channel. Biopsy instruments
can be introduced through the guide sheath to obtain tissue specimens. The diagnos-
tic yields are reported to be similar with direct bronchoscopic and guide sheath
methods in one randomized study [38].

RP-EBUS provides a real-time confirmation of target localization prior to biopsy
(Fig. 3.7). In a study involving 467 patients, the overall diagnostic yield was 67%
[39]. The diagnostic yield was 58% for 1-2 cm lesions, 72% for 2.1-3 cm lesions,
77% for 3.1-4 cm lesions, and 87% for >4 cm lesions. The yield was highly depen-
dent on location of ultrasound probe in relation to the lesion. The diagnostic yield
was 84% when the probe could be placed within the lesion and the tumor sur-
rounded the probe from all sides. However, the diagnostic yield decreased to 48%
when the probe was located adjacent to the lesion.

In a meta-analysis from 16 earlier studies involving 1420 patients, the pooled
diagnostic sensitivity of RP-EBUS was 73% [40]. A similar diagnostic yield was
reported in another meta-analysis involving 3052 subjects [41].

In a more recent meta-analysis that included 7872 subjects from 57 studies, the
overall diagnostic yield of RP-EBUS was 70.6% [42]. Factors associated with
higher diagnostic yield in these meta-analyses are lesion size, prevalence of malig-
nancy, presence of bronchus sign, and position of probe in relation to the lesion. The
diagnostic yield is around 55-60% for lesions <2 cm and 70-80% for lesions >2 cm
size. The diagnostic yield was 52% when the probe was adjacent to the lesion com-
pared to 78.7% when RP-EBUS probe could reach within the lesion [42]. Similarly,
the diagnostic yield was 76.5% for the lesions with and 52.4% for the lesions with-
out a positive bronchus sign on CT imaging. Overall complication rate is reported
to vary from 1% to 2.8%.

An important observation is a high heterogeneity in the diagnostic sensitivity in
different studies included in meta-analysis on RP-EBUS. Although this could reflect
the patient selection criteria, the lower yield could also be due to lack of experience
and learning curve issues. Interestingly, AQuIRE registry, which has better external
validity, reported a 57% diagnostic yield with RP-EBUS for peripheral lesions [22].
It must also be pointed out that negative likelihood ratio of RP-EBUS in a meta-
analysis was 0.28 [40]. Therefore, a nondiagnostic bronchoscopy that utilized
RP-EBUS technique cannot be accepted as an evidence of absence of malignancy.

Not uncommonly, the screening CT detects lesions that are predominantly or
entirely ground glass in appearance. Ground glass opacities (GGO) cannot be visual-
ized on fluoroscopy. This seriously limits the usefulness of conventional bronchos-
copy in these patients. Several recent reports suggest that RP-EBUS could assist the
operators in identifying these lesions during bronchoscopy. In an earlier study, the
diagnostic yield of RP-EBUS was 65% in 40 patients with predominant GGO
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peripheral pulmonary lesions [43]. In a more recent study, there was a diagnostic yield
of 69% for pure GGO or part solid, part GGO lesions using RP-EBUS and VBN [44].

RP-EBUS images in pure or predominant GGO demonstrate blizzard sign seen
as subtle but noticeable white acoustic shadows around the ultrasound probe
(Fig. 3.8a—c). This appearance differs from snowstorm appearance of normal lung
parenchyma. In contrast, lesions with a greater proportion of solid component dis-
close a mixed blizzard sign on RP-EBUS images in which hyper-echoic dots, linear
arcs, and vessels are seen to be irregularly distributed within a blizzard. Identification

Fig. 3.7 An example of use of radial probe endobronchial ultrasound technology to obtain tissue
specimen from left upper lobe lesion (a). Radial probe ultrasound within the guide sheath is navi-
gated towards the target (b). The distal end of the radial probe ultrasound is seen within the lesion
on fluoroscopy images (c¢). Ultrasound images confirm the presence of tumor surrounding the
probe (d). At this time, the probe is removed leaving the guide sheath in place and biopsies are
performed under fluoroscopy guidance (e). (Reproduced with permission from Eberhardt [100])
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Fig. 3.7 (continued)

of blizzard and mixed blizzard sign may improve the ability of the operator to locate
and biopsy such peripheral opacities not visible on fluoroscopy [45].

Radial probe EBUS is radiation neutral and simple to learn. It does not require
special or expensive accessories. It compliments other navigational technologies by
providing real-time confirmation of target localization. The application of this tech-
nique to assist in biopsy of peripheral pulmonary opacities is strongly recommended.

Bronchoscopic Trans-Parenchymal Access (BTPNA)

Numerous studies and meta-analyses have reported a higher diagnostic yield of
bronchoscopy when a bronchus sign is present in lung nodule on CT [42, 46]. The
obvious explanation is that a leading bronchus in such cases provides a direct endo-
bronchial path for the biopsy instrument to reach the peripheral lesion. Unfortunately,
not all peripheral lesions have a positive bronchus sign on pre-procedure chest
CT. For example, in NAVIGATE study, a bronchus sign was detectable only in
48.8% of all peripheral lesions [32]. A newer technique called bronchoscopic trans-
parenchymal access (BTPNA) technique has been used to approach lesions that do
not have a bronchus sign (Fig. 3.9). In a preliminary study, Herth and associates
described application of this technique in 12 patients [47]. Lesion sizes varied from
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Fig. 3.8 Endobronchial ultrasound images of normal lung and ground glass nodules. Normal lung
(a) has a snow-storm appearance. Pure ground glass nodules have a mixed blizzard appearance
with a diffuse hyperintense shadow without any low echoic areas (b). The lesions which are part
solid and part ground glass disclose a mixed blizzard sign on RP-EBUS images in which hyper-
echoic dots, linear arcs, and vessels are seen to be irregularly distributed within a blizzard (c).
(Reproduced with permission from Fielding [99])

17 mm to 40 mm. CT data was reconstructed into virtual bronchoscopy using
Archimedes™ Virtual Bronchoscopy Navigation system. The system allowed the
operator to identify two most appropriate point of entry (POE) on airway wall
and the most vessel free direct path from this point to the lesion. During bronchos-
copy, the operators introduced a coring needle through the airway wall at POE,
dilated the point of entry with a balloon dilator, and then passed a sheath with blunt
dilator to create a tunnel in lung parenchyma from POE to the lesion. Biopsies were
obtained by passing biopsy instruments through the sheath. The procedure was
technically feasible in 10 of 12 patients. Adequate material for histology was
obtained in all ten successful procedures. Every study patient underwent surgical
resection after the procedure. The trans-pulmonary path was accurate and final his-
tology matched with surgical findings in all cases. There were no major complica-
tions. Same group of investigators have reported additional six patients [48].
Successful biopsies could be obtained in five patients. However, pneumothorax
developed in two of six patients.
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Fig. 3.9 Bronchoscopic transparenchymal nodule access (BTNA). Bronchoscopic image showing
the point of entry (a). Virtual image showing target lesion in green and overlaid point of entry (b).
CT images showing the target lesion (green) and blood vessels (blue and red) in relation to airway
(c). The screen also depicts three-dimensional reconstruction of airways (d). The most recent plat-
form helps bronchoscopist to avoid pathway that is likely to encounter blood vessels and cause
parenchymal bleeding (e). (Reproduced with permission from Bronchus Archimedes ™)

These studies establish the feasibility of accessing and obtaining biopsies with a
higher success from small nodules without a leading bronchus. Although no major
complications were noted in the preliminary studies, on face value, it appears more
invasive with a higher potential for complications. More experience is needed before
BTPNA is adopted in everyday practice. An ongoing multicenter trial is looking at
the safety and usefulness of this technique.
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Electromagnetic-Guided Transthoracic Needle
Aspiration (EMTTNA)

There is recent interest in performing percutaneous biopsy under electromagnetic
navigation guidance without needing real-time CT imaging. The procedure is per-
formed using SPiN Perc™ system offered by Veran Medical. The system uses a
19G needle with a stylet. The electromagnetic field and sensor on stylet guide the
operator to the target [49]. In a small study involving 24 patients, EMTTNA had a
diagnostic yield of 83%. The average size of lesions was 20.3 mm. The procedure
was complicated by pneumothorax in 21% of patients [50].

This procedure cannot be performed for lesions that require a posterior approach.
Since there is no real-time guidance, the issue of how navigation error affects the
accuracy of the procedure needs to be clarified. More data is needed before this
procedure can be adopted in daily practice.

Cone-Beam CT

Despite optimal use of advanced bronchoscopic techniques, another major chal-
lenge in successful biopsy of a small peripheral nodule is inability of the operator to
be certain that biopsy instrument has reached its intended target in real time.
RP-EBUS is helpful in this regard as discussed above. An alternative emerging tech-
nique for this purpose is cone-beam CT technology.

Interventional radiologists have used cone-beam CT technology for quite some
time to perform percutaneous biopsy and angiographic procedures. It is also used
extensively in the field of orthodontics. Several investigators have reported use of
cone-beam CT during bronchoscopy. Basically, the C-arm of cone-beam CT is
rotated around the patient to acquire imaging data which is reconstructed and super-
imposed on live fluoroscopy to confirm the location of biopsy instrument in relation
to the target. The software allows the operator to choose the most appropriate path
to the lesion on fluoroscopy using a method called segmentation. In a pilot study,
cone-beam-assisted biopsy was performed in 33 incidental pulmonary nodules.
Cone-beam CT-assisted bronchoscopy using conventional methods achieved an
overall 70% diagnostic yield and 82% diagnostic yield for malignant lesions [51].

A logical extension is to apply this technique with ENB. Ng and associates were
the first to explore that idea and successfully obtained diagnostic specimen from an
8 mm nodule with cone-beam CT-assisted ENB [52]. A recent series has reported a
high success with application of cone-beam CT technology with ENB for biopsy of
peripheral nodules [35]. In this study, the authors performed a cone-beam CT during
bronchoscopy and fused CT images with live fluoroscopy. This allowed operators to
confirm the appropriate position of locatable guide in relation to the target in real
time. Additional cone-beam CT was performed when necessary. Radial probe ultra-
sound was not used in any case. A total of 93 suspicious lung nodules were biopsied
in 75 patients. The median size of the lesion was 1.6 cm (range 0.7-5.5 cm).
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Importantly, only 49% of lesions were visible on standard fluoroscopy, and bron-
chus sign on pre-procedure CT was present only in 39% of lesions. The diagnostic
yield was 83.7%. An average of 1.5 CT was performed per case and effective radia-
tion dose per CT was estimated to be 2 mSV. No significant complications were
reported. High success has also been reported with combination of cone-beam CT
and the transbronchial access tool in 14 patients with peripheral pulmonary opaci-
ties. The overall diagnostic yield was 71% [53].

The encouraging results from these studies strongly suggest improved ability to
obtain representative tissue from peripheral lesions by combining cone-beam CT
with ENB and other similar methods. Performing cone-beam CT and confirming
accurate placement of biopsy instruments in real time appears to provide a practical
solution to the problem of registration/navigation error that has traditionally plagued
the otherwise robust ENB technology. However, the majority of these studies come
from a few experienced centers. These data need independent confirmation by oth-
ers. A randomized study comparing ENB yields with cone-beam CT versus radial
probe EBUS confirmation is now imminently needed.

Since cone-beam CT involves radiation, it is important to know how much addi-
tional patient exposure may be expected if cone-beam technology is routinely
applied during bronchoscopy for peripheral nodules. In a phantom study, radiation
exposure during a 20-minute bronchoscopy using fluoroscopy and cone-beam CT
was estimated to be 0.98—1.5 mSV [54]. Such radiation exposure is safe and is not
likely to cause a major harm to the patient. Therefore, radiation safety issues are not
likely to pose a major roadblock to future application of this important emerging
technology in bronchoscopy.

Therapeutic Contributions of Interventional Pulmonology

Managing lung nodule is a complex undertaking, and a team approach provides more
streamlined, appropriate, cost-effective, and patient-centered care. In this setting,
advanced bronchoscopic techniques can assist thoracic surgeons as well as radiation
oncologists in several different ways. In the following sections, we briefly discuss
how interventional pulmonologists can assist in appropriate management of lung
nodules.

Assistance During Video-Assisted Thoracoscopic
Surgery (VATS)

VATS or robotic approaches have replaced thoracotomy for surgical resection of
lung nodules and are associated with less morbidity and pain and shorter length of
stay as compared to thoracotomy. However, in many instances, palpation of the sub-
centimeter nodules is not possible due to its location, consistency, or patient’s body
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habitus. A careful planning is essential in such cases. The most important step in
this context is to review the preoperative imaging. When a CT shows that the nodule
is limited to a pulmonary segment, a VATS or robotic pulmonary segmentectomy
will successfully remove the nodule along with an appropriate lymph node dissec-
tion. However, when the nodule is not confined to one segment and when a wedge
resection is intended, inability to palpate the nodule may require conversion to open
thoracotomy. Such conversion to thoracotomy has been reported in 1-7.5% of
patients initially scheduled to undergo VATS procedure [55, 56].

Thoracic surgeons have used many techniques to locate lung nodules during VATS
or robotic-assisted thoracic surgery (RATS). A common method is CT-guided trans-
thoracic placement of a hook wire or injection of methylene blue. Complications of
this approach include pneumothorax and bleeding, which were reported in 24.5% and
2.4%, respectively, in a VATS study [57]. Additional limitations include inability to
recognize methylene blue dye and dislodgement of hook wire. In one series, dislodge-
ment of hook wire occurred in 12% of patients without associated pneumothorax and
33% of patients with pneumothorax. Another issue of practical importance is schedul-
ing conflicts that cause difficulty in coordinating the localization procedure in interven-
tional radiology with the surgical procedure in the operating room [58]. Due to these
reasons, a need is felt for a more practical localization procedure for these patients.

Interventional bronchoscopy provides an important alternative for accurate
localization of small lung nodules during VATS procedure. A major advantage of
this approach is that localization is done immediately before the surgical procedure
without needing to move the patient from radiology department to the operating
room. Several studies have report high success with navigation bronchoscopy-
guided injection of methylene blue to assist surgeons with visual localization of
small nodules during VATS. Awais and associates performed ENB-guided localiza-
tion and VATS resection in 29 patients with lung nodules [59]. The median size of
the lesions was 10 mm and the median distance from visceral pleura was 13 mm.
The nodule could be localized and removed with VATS in all 29 (100%) of cases. In
another study, Marino and associates marked 72 nodules in 70 patients with methy-
lene blue using ENB [60]. The median size of nodules was 8 mm (range 4—17 mm)
and the median distance from pleural surface was 6 mm (range 1-19 mm). Tattooing
of nodules was successful in 70 of 72 (97.2%), and no patient required conversion
to thoracotomy. Injection of methylene blue was harmless to patients, and it did not
seem to interfere with pathological interpretation of the specimen. No major adverse
effects from bronchoscopy were reported in this study. Decreased downtime
between localization procedure and surgery with ENB for this purpose clearly
improves the workflow and efficiency in the operating room [61].

The same goal can be achieved with other bronchoscopic techniques. In a recent
study, RP-EBUS and VBN were used to localize peripheral nodules before VATS
procedure in 25 patients [62]. The median size of lung nodules was 8 mm. The dye
was visible on pleural surface in 24 patients. Cancer-free margin resection could be
accomplished in all cases without needing conversion to open thoracotomy in any
patient. The endoscopic procedure needed 10 min of additional time, but no major
complications were encountered.
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Assistance with Stereotactic Radiation Therapy

Although surgery remains the gold standard for the treatment of early-stage lung
cancer, stereotactic body radiation therapy (SBRT) is an acceptable alternative treat-
ment option for some patients with clinical stage I lung cancer. In a recent meta-
analysis of 23 studies, surgery was associated with superior overall survival in both
unmatched and matched cohorts with better cancer-specific survival, disease-free
survival, and freedom from locoregional recurrence [63]. SBRT is the current stan-
dard of care for early-stage lung cancer patients who are medically inoperable or
decline surgical treatment. A careful analysis of current literature indicates better
local control and overall survival with SBRT than with conventional radiation ther-
apy [64].

The basic principle behind stereotactic radiation is the ability to deliver high
biologic effective dose of radiation to the tumor with minimal irradiation of healthy
surrounding tissues. Rapid dose fall-off from tumor to surrounding tissues reduces
overall high-dose treatment volume, thereby reducing treatment-related toxicity.
Entire radiation therapy can be accomplished in 3-5 fractions over 1-2-week period.
However, accurate target delineation, which is central to SBRT, requires meticulous
treatment planning with strict attention to tumor motion with breathing during the
therapy. There are several motion management strategies [65]. Placement of fidu-
cials is one such strategy to track tumor in real time. To be an effective strategy,
three conditions must be met: (1) the fiducial markers must be placed in accurate
location, close to the tumor, (2) markers must not move significantly from the time
of placement to the time of radiation therapy, and (3) procedure-related complica-
tions should be low. Gold fiducials can be placed via transthoracic or bronchoscopic
approaches. CT-guided percutaneous placement of fiducial markers is complicated
by pneumothorax in 13—-60% of cases [66—69]. Chest tube is needed in 3—44% of
cases. Such high complication rate is unacceptable. Bronchoscopic placement of
fiducials provides a safer alternative (Fig. 3.10). Several investigators have reported
high success rates with fiducial placement using navigation bronchoscopy. Typically,
a combination of ENB, or virtual bronchoscopy navigation, and radial probe ultra-
sound is used for accurate bronchoscopic placement of fiducials [70, 71].

Nabavizadeh and associates placed 105 embolization coil fiducials in 34 lung
nodules under ENB guidance [72]. Average size of lung nodule was 2.27 cm. CT
imaging showed 86% of fiducial markers to be within 1 cm of lung nodule. Retention
rate was 98%. Bronchoscopic placement of fiducials is safe and can be accom-
plished during initial diagnostic bronchoscopy [73]. Biopsy of peripheral nodule,
mediastinal staging, and fiducial placement in a single sitting may require a pro-
longed bronchoscopy but was well tolerated in a study involving 21 patients [74].

Pneumothorax rate with ENB-guided placement is considerably lower than with
percutaneous approach, ranging from 0% to 6%. The choice of fiducial marker
appears to a matter of personal preference, but many investigators have found that

coil spring markers are less likely to move from their original position than linear or
gold seed fiducials [75, 76].
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Fig. 3.10 Bronchoscopic placement of fiducials in and around the tumor. (a) shows the tumor on
chest CT. The fluoroscopic image shows a microbiology brush preloaded with fiducial marker
close to the target (b). Fiducial markers can be seen after placement on fluoroscopy image (c).
Chest radiograph shows three fiducial markers around the tumor (d). (Reproduced with permission
from Mayse [101])

Bronchoscopic Treatments of Early Lung Cancer

Interventional pulmonology procedures such as laser photo-resection, argon
plasma coagulation, cryotherapy, photodynamic therapy, and brachytherapy have
an established role in palliative treatment of advanced central airway tumors [77].
In recent years, with more accurate ability to locate peripheral lung nodules, there
is emerging role of bronchoscopy in treatment of early-stage peripheral lung can-
cer [78, 79].

One such technique is radiofrequency ablation. The basic premise of radiofre-
quency ablation is to expose tumor to electromagnetic energy and inflict thermal
injury to the tumor. An active electrode placed within the tumor and the radiofre-
quency generator sends high-frequency alternating current from this electrode to the
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dispersive electrodes placed on body surface. The heat generated around the tumor
causes coagulative necrosis.

Traditionally, radiofrequency ablation for peripheral lung nodule is performed
via transthoracic approach in which electrode is placed into tumor under CT guid-
ance. Several studies have shown technical feasibility and efficacy of RFA in treat-
ment of early-stage lung cancer. However, pneumothorax has been reported in as
many as 20% of patients undergoing the procedure. With better ability to navigate
to the tumor, there is interest in exploring possibility of performing radiofrequency
ablation of tumor using electrode placed through bronchoscopy. Koizumi and asso-
ciates used CT-guided bronchoscopy to place a cooled radiofrequency ablation
catheter to treat 28 peripheral lung tumors in 20 medically inoperable patients using
this technique [80]. Median size of lesions was 24 mm with a range of 12—45 mm.
Local control was achieved in 82.6% of tumors. Median progression-free survival
was 35 months, and 5-year survival was 61.5%. No major adverse effects were
encountered. Xie and associates have reported navigation bronchoscopy-guided
radiofrequency ablation in two patients with nonsurgical stage IA lung cancer and
one patient with solitary metastasis [81]. Electromagnetic navigation bronchoscopy
was used to reach the lesions. Radial probe ultrasound was used to confirm appro-
priate positioning of extended working channel in relation to the tumor. One patient
achieved complete response and two patients achieved partial response 3 months
after the procedure. No complications were noted.

Although these reports establish technical feasibility of bronchoscopic radiofre-
quency ablation, many issues need to be clarified before this technique finds its way
into mainstream treatment of early-stage lung cancer. To start, the most fundamental
question is to decide who should receive radiofrequency ablation. Current standards
of treatment are surgery or SBRT for early-stage lung cancer. Radiofrequency abla-
tion cannot be considered a frontline therapy for these patients. Studies are needed
to compare long-term outcome with surgery or SBRT and radiofrequency ablation.
Such studies will clarify the role of RFA in treatment of early peripheral lung cancer.
Until then, RFA can be considered as an alternative treatment option for early-stage
peripheral lung cancer patients who are poor surgical candidates and have already
received maximally tolerable radiation therapy. In such patients, bronchoscopic
radiofrequency ablation may provide additional local control of tumor. Solitary
metastasis can also be treated using this technique once primary tumor is controlled.

Better ability to navigate to the lesion with bronchoscopy is also paving way to
explore other therapeutic modalities for peripheral lung cancer, which have been
used in the past for centrally located lung cancer. In one report, ten patients with
peripheral lung cancer were treated with ENB-guided brachytherapy [82]. All
patients achieved clinical remission.

Several ongoing studies are also looking at possibility of ENB-guided photody-
namic therapy for early-stage lung cancer. In one report, ENB-guided lung intersti-
tial PDT was performed in three patients with malignant nodule [83]. The size of
lesions varied from 8 mm to 36 mm. Patients underwent ENB bronchoscopy
48 hours after receiving intravenous Photofrin. A PDT probe was placed through
extended working channel. Accurate positioning of PDT probe was confirmed using
intra-procedural cone-beam CT. After successful placement, the peripheral tumor
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was exposed to 630 nm light. Evaluation with chest CT 3 months after the procedure
revealed complete response in one patient and partial response in two patients.
There were no procedure-related complications.

As with bronchoscopic RFA, brachytherapy and PDT are not likely to replace
current standard therapies for malignant nodules, but they provide valuable thera-
peutic options for local control of tumors for patients who cannot undergo surgery
and can no longer receive additional radiation therapy.

Emerging Techniques

The diagnostic yield of navigational bronchoscopy with or without application of
radial probe ultrasound has remained significantly lower than that of CT-guided
biopsy. There is great interest in further refinement in existing techniques and devel-
oping innovative technologies to improve diagnostic yield of bronchoscopy in small
pulmonary nodules.

As discussed in prior sections, in many instances, the operators are able to navi-
gate to the lesion, as confirmed with RP-EBUS, but the biopsies fail to provide tissue
diagnosis. Navigational success notwithstanding, the inability to obtain diagnostic
tissue makes bronchoscopy procedure unhelpful for the clinician and certainly a
futile test for the patient. There is a need to narrow the gap between navigational
success and diagnostic yield. There is a potential role for peripheral cryobiopsies in
improving diagnostic yield in this situation. For example, in one study, Kho and
associates compared the diagnostic yield of peripheral cryobiopsies and standard
biopsies from peripheral nodules after a successful navigation, confirmed with
RP-EBUS. For the lesions adjacent to airways on RP-EBUS, the diagnostic yield of
cryobiopsies (75%) was significantly higher than that of standard forceps (49%).
The diagnostic yield was similar when the bronchus was in the center of the lesion.
Moderate bleeding was encountered in 8% of patients undergoing cryobiopsies [84].

Another major issue that limits the diagnostic yield of bronchoscopy is naviga-
tional error due to CT to body divergence. Improvements in existing guided naviga-
tional bronchoscopy platforms and introduction of newer platforms such as
LungVision™ is an area of great interest to interventional pulmonologists. For
example, superDimension™ has recently introduced a tomosynthesis-based fluoro-
scopic navigation system in which the lesion is located in real time with fluoros-
copy, and local registration is performed to improve the accuracy of navigation to
intended target. In a recent retrospective study, Aboudara and associates reported a
25% increase in diagnostic yield using this digital tomosynthesis-based platform
compared with standard electromagnetic navigation technique. These results are
encouraging, especially considering that 64% of the nodules in this study were
smaller than 2 cm [85].

In addition to augmented fluoroscopy and tomosynthesis to correct for CT-body
diversion, the new Illumisite™ platform from Medtronic has an additional feature.
The catheter used during the procedure has a sensor embedded in it tips that contin-
ues to provide positional feedback to the operator even after the locatable guide is
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removed. Any movement of catheter tip away from the target can be detected and
corrective actions may be taken before obtaining biopsies. This movement of cath-
eter tip during the biopsy procedure was a significant problem with prior systems.
This feature has the potential to reduce discrepancy between navigational success
and actual diagnostic yield. Although clinical experience is limited, continuous
guidance during an actual biopsy procedure makes intuitive sense. [llumisite™ plat-
form has also introduced crossCountry™ transbronchial tool that allows the opera-
tor to approach and biopsy lesions that are outside the bronchus and cannot be
reached with standard needles and biopsy forceps.

LungVision™ (Body Vision Medical LTD, Ramat HaSharon, Israel) is another
recent platform that pairs 3-D map of the lung using pre-procedure chest CT with
real-time fluoroscopic information to generate a path on fluoroscopy screen that a
bronchoscopist can follow to navigate to the lesion. RP-EBUS is performed once
the LungVision™ catheter tip reaches the augmented target. In a recent study, navi-
gational success was 93% and diagnostic yield was 75% in 57 nodules with a
median size of 2.0 cm [86].

Technical advances in navigational techniques are likely to improve the diagnos-
tic yield of bronchoscopy in small nodules, but more prospective studies are needed
to confirm these results. Bronchoscopists must also consider potential for excessive
radiation exposure to patients and operators when using these techniques.

Another area of great excitement in this field is introduction of robotic bronchos-
copy for biopsy of peripheral lung nodules [87]. Robotic bronchoscopy systems are
said to have better maneuverability, more precise navigation, ability to reach deeper,
and improved ability to navigate through tight corners and bends and stability of the
tip during introduction of biopsy instruments. A major advantage of robotic system
over EMN bronchoscopy is its ability to visualize airways directly as the operator is
negotiating through smaller peripheral airways. Better control over distal tip of bron-
choscope is another advantage that may serve to narrow the gap between naviga-
tional and diagnostic yields. Two Food and Drug Administration (FDA)-approved
robotic bronchoscopy systems are Monarch™ (MA; Auris Health, Redwood City,
CA) and Ion™ endoluminal platform (IEP; Intuitive, Sunnydale, CA). The
Monarch™ system uses electromagnetic navigation along with 4.2 mm inner bron-
choscope and 5.9 mm outer sheath that can be independently controlled by the
robotic arms. The inner bronchoscope has a working channel of 2.1 mm. Initially,
both outer sheath and inner bronchoscope are navigated toward the nodule. The outer
sheath is firmly wedged into a segmental or sub-segmental bronchus, and the inner
scope is advanced further toward the lesion. A cadaver study has reported a greater
reach of robotic bronchoscope compared to a comparable-sized thin bronchoscope.
Robotic bronchoscope performed much better than traditional bronchoscope in RB1
and LB 1 + 2 in this study [88]. A biopsy success of 97% was reported in a cadaver
study in which biopsies were performed using this system on artificially implanted
nodules of 10-30 mm diameter [89].

The Ion™ robotic system has a single bronchoscope with an outer diameter of
3.5 mm and a working channel of 2 mm. This system uses a unique shape-sensing
technology to navigate toward the nodule following the path generated by the
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pre-procedure chest CT. Apart from usual accessories, a special flexible needle
(Flexision™) can be used to obtain the tissue specimens.

Clinical studies using these systems have started to emerge and initial experience
is encouraging. In a single center study from Costa Rica, Monarch system was used
to obtain biopsy from 15 lung nodules [90]. Mean size of nodules was 2.6 cm. Cancer
was confirmed in 9 of 15 (60%) patients. No significant adverse effects were encoun-
tered. In a recent post-marketing study of Monarch™ robotic endoscopic system that
included 165 patients from 4 centers, the navigational success was 88.6% and biopsy
yield was 69-77%. The average size of lesion was 2.5 cm and 71% were located in
the peripheral third of the lung. Pneumothorax and pulmonary hemorrhage occurred
in 3.6% and 2.4% of procedures, respectively [91]. Similar results have been reported
in a recent multicenter trial in which Monarch™ robotic system was used in 54
patients with peripheral lung opacities from 1 to 5 cm in size. Navigation success
based on RP-EBUS finding was 96.2%. Diagnostic yield was 74.1%. All procedures
were performed under general anesthesia and pneumothorax occurred in 3.7% of
cases [92]. Monarch™ robotic system has also been used for visceral pleural mark-
ing prior to surgical resection in 17 patients with 100% success [93].

Initial human experience with Ion™ robotic system is also encouraging. Fielding
and associates used this system to obtain biopsies from 30 lesions with the mean
size of 12.3 mm. The overall diagnostic yield was 80% and yield for malignancy
was 88%. No major procedure-related complications were noted [94]. A large ongo-
ing multicenter study (PRECISE trial) is currently studying the usefulness of this
system for obtaining tissue diagnosis from peripheral lung nodules.

More data is needed to define the exact role of robotic bronchoscopy systems in
small peripheral nodules. The technology is expensive, and it still falls short in deal-
ing with the issue of CT to body diversion. Navigation still needs confirmation with
complementary techniques such as RP-EBUS or cone-beam CT. An unbiased direct
comparison with existing and other emerging techniques is needed before it can be
recommended for a wider use. Certainly, there is potential for this technique to
become a component of a modern hybrid theater for the appropriate and timely
management of lung nodules as discussed below.

Future Directions

It is clear that the burden of CT-detected nodules will continue to increase and chal-
lenge pulmonologists, thoracic and interventional radiologists, radiation oncolo-
gists, and thoracic surgeons. Every time a lung nodule is detected, the primary goal
is to identify and treat a malignant nodule with a curative intent while minimizing
the invasive testing and surgical interventions for a benign nodule. This goal has not
changed in the past several decades [6]. What has changed is how we approach
these nodules to achieve the stated goal. The traditional piecemeal and territorial
diagnostic and therapeutic approach to lung nodules is inefficient and is not patient
centered. There is a clear need for paradigm shift. Several advanced healthcare
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facilities have recognized this need and have developed hybrid theaters to offer a
more comprehensive and streamlined diagnostic and therapeutic approach to lung
nodules [95]. The basic principle is to have advanced bronchoscopy techniques,
real-time on-table cone-beam CT imaging, percutaneous intervention, and thoracic
surgery expertise under the same roof. This allows all required services to be pro-
vided at the same time without requiring separate procedures and multiple visits to
hospital. Despite high initial cost and commitment, such care can be very efficient,
patient centered, safe, and cost-effective. Advanced bronchoscopy is a critical com-
ponent of hybrid theaters. This allows interventional pulmonologists and thoracic
surgeons to work closely for appropriate management of lung nodules. For instance,
several studies have shown ENB-guided dye injection prior to video-assisted thora-
coscopic surgery in hybrid theaters to be highly successful in localizing small
peripheral nodules and ground glass opacities [96]. Compared to percutaneous hook
wire placement, this approach obviates the need to transport the patient from the
radiology department to the operating room, lowers the risk of pneumothorax,
reduces operative time, and increases success of single-port video-assisted thoraco-
scopic surgery for peripheral lung nodules. In medically inoperable cases, broad
capabilities of the hybrid theater can be used for diagnostic and staging procedures,
for placement fiducials to facilitate SBRT, and for navigation bronchoscopy-guided
therapies for lung cancer in appropriate candidates [97].

Approaching the lung nodules in such multidisciplinary fashion is no longer an
option but is rapidly becoming a necessity. Hybrid theaters with broad capabilities
and expertise are also proving to be an ideal venue for high-quality studies, innova-
tions, and novel approaches [98]. It is certain that technical advances in the near
future will further streamline the approach to the management of small lung nodules
and bring interventional pulmonologists, interventional radiologists, radiation
oncologists, and thoracic surgeons to work more closely than ever before.
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Chapter 4 )
Mediastinoscopy: Surgical Versus Medical <o

Kasia Czarnecka-Kujawa and Kazuhiro Yasufuku

Introduction

Mediastinal staging is a key component in evaluations of patient with lung cancer as
it determines prognosis and guides management. Presence of mediastinal nodal
metastasis signifies advanced disease and higher possibility of distant metastasis.
For that reason, with some exceptions, patients with mediastinal nodal metastasis
are offered nonsurgical therapy, while surgical management is reserved for patients
without mediastinal nodal metastasis.

Mediastinal staging consists of preoperative and intraoperative assessments.
Preoperative evaluation has a noninvasive component consisting of computerized
tomography (CT) and positron emission tomography (PET) [1]. There is also an
emerging data on the use of diffusion-weighted magnetic resonance imaging (DWI)
in noninvasive lung cancer staging [2]. Invasive preoperative and operative staging
includes surgical approaches of cervical mediastinoscopy (Med), anterior mediasti-
notomy, extended cervical mediastinoscopy, and more recently, video-assisted tho-
racoscopic surgery (VATS) and “supermediastinoscopies”- transcervical extended
mediastinal ~ lymphadenectomy  (TEMLA),  video-assisted  mediastinal
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lymphadenectomy (VAMLA), and lymphadenectomy performed at the time of
planned surgical resection.

Over the past decade, minimally invasive needle-based techniques of endobron-
chial ultrasound-guided transbronchial needle aspiration (EBUS-TBNA) and endo-
scopic ultrasound-guided fine needle aspiration (EUS-FNA) have become available
and are now considered tests of first choice for invasive mediastinal staging [1, 3].
Pathological confirmation of nodal status is an important step in assessment of
patients with lung cancer because the noninvasive techniques of CT chest and
PET-CT lack diagnostic accuracy to guide clinical decision-making.
BE-fluododeoxygluose (FDG)-avid lymph nodes (LN) are truly positive in 75-85%
of patients. Only 60% of enlarged LNs (more than 1 cm in short axis) on CT chest
harbor metastasis. This means that if there is no pathological confirmation of the
noninvasive staging results, 15-40% of patients could be denied a curative surgical
management of cancer because of false-positive noninvasive tests [1, 4].

In this chapter, we plan to discuss the clinical importance and mediastinal LN
staging in lung cancer and the basic diagnostic approach to noninvasive mediastinal
LN staging and its limitations, address the indications for invasive mediastinal LN
staging, provide a historical perspective on the approaches to invasive mediastinal
LN staging in lung cancer, outline the advantages and limitations of surgical and
nonsurgical strategies, discuss the paradigm shift in mediastinal LN staging toward
the use of minimally invasive techniques of EBUS-TBNA and EUS-FNA, and dis-
cuss the new technologies in mediastinal LN staging.

Scope of the Problem

Lung cancer is the leading cause of cancer mortality worldwide [5]. Despite
evolving knowledge of lung cancer and its molecular genetics and improved ways
of detection, the overall 5-year survival is still poor at approximately 18% [5].
Survival in lung cancer is driven by the stage of disease at presentation, with over
90% 5-year survival in patients with clinical stage IA disease to only 10% in stage
IVA and 0% in stage IVB [6]. Presence of mediastinal nodal metastasis is associ-
ated with significant reduction in 5-year survival (~36% for stage IIIA disease vs.
53% for stage IIB disease) [6]. Mediastinal LN involvement signifies advanced
disease and increased risk of distant metastasis with reported disease progression
at 16 weeks of 70% in patients with N2 and N3 disease [7]. This most likely
reflects presence of distant micrometastasis in patients with mediastinal nodal
involvement that may not be apparent at the time of original evaluation. Since
benefit of surgery in lung cancer has been limited to patients in whom complete
resection, including sterilization of all mediastinal involvement, can be accom-
plished, with few exceptions, patients with mediastinal nodal metastasis are
treated with chemotherapy and radiation, rather than with curative surgery.
Accurate preoperative mediastinal staging is, therefore, crucial to avoid noncura-
tive resection.
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From management perspective, mediastinal LN involvement can be divided into
three distinct categories: (1) incidental/occult, micrometastatic disease (detected
either at the time of curative resection during intraoperative “quick section” or in
the final surgical specimen in patients with clinical NO and N1 disease on preopera-
tive staging, (2) discrete but potentially resectable, and (3) bulky unresectable or
infiltrative disease [8]. In patients with occult mediastinal metastasis, complete
resection with systematic mediastinal LN evaluation is recommended as these
patients have been shown to have improved survival as compared with patients with
N2 nodal disease detected on preoperative staging. This could be related to different
lung cancer biology in patients with nodal disease detected on preoperative staging
as compared to those with occult metastatic disease (i.e., higher disease burden,
more rapid progression of metastasis, and overall more advanced disease at the time
of original assessment). Different management strategies are possible for patients
with resectable or potentially resectable disease including surgical resection with a
combination of chemotherapy and radiation. Current guidelines recommend multi-
disciplinary approach to management of this patient population [9]. Patients with
clearly unresectable disease should be managed medically with chemotherapy and
radiation as numerous prospective trails have demonstrated that adjuvant therapy
does not increase resectability and incomplete resection does not result in survival
benefit [8].

Data on natural history of lung cancer is sparse given that most patients receive
some sort of therapy. Data from patients who are not candidates for any type of
therapy because of medical comorbidities is confounded by multiple medical
comorbidities that can contribute to decreased survival. For medically inoperable
patients with stage I and II disease, one study reported overall 14-month survival for
patients who did not receive any therapy vs. 21-month and 46-month survival in
stage-matched patients treated with radiotherapy and surgery, respectively [10].
Diagnostic workup in lung cancer can take a significant amount of time with some
studies quoting an over 100-day delay between disease detection and initiation of
treatment [11]. However, delay in diagnostic assessment and management in
patients with lung cancer has been associated with disease progression [7]. Clinical
disease progression rates of 13%, 21%, and 46% at 4, 8, and 16 weeks, respectively,
have been reported. Overall, stage advancement of 13% and 21% at 8 and 16 weeks,
respectively, have been reported [7]. Prompt patient evaluation, including noninva-
sive and invasive mediastinal staging, and management are key in ensuring success
of the selected management modality and curability. The British Thoracic Society
and Canadian Society of Surgical Oncology and Canadian Association of Thoracic
Surgery recommend that curative surgery be performed within 4 weeks of patient
evaluation except for patients selected for induction therapy. If there is a delay in
access to surgical management of more than 8 weeks, restaging imaging is strongly
recommended [12, 13].

Routine evaluation of patients with suspected lung cancer includes CT of the
chest. PET scan is recommended in all but peripheral stage IA tumors and pure
ground glass lesions [4]. CT chest is the first assessment modality that allows for
evaluation of intrathoracic disease extent and guides further diagnostic
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interventions. Systematic review and meta-analysis of studies evaluating CT chest
performance in mediastinal LN staging in patients with lung cancer showed sensi-
tivity ranging between 55% and 64% with specificity of 81% [4, 14]. Due to low CT
sensitivity, as many as 20-25% of patients with clinical NO-N1 disease based on CT
chest assessment will have N2 or N3 disease on subsequent surgical LN sampling
[1]. Conversely, as many as 20% of patients suspected of having nodal metastasis on
CT chest will not in fact harbor metastatic disease.

High accuracy of PET in differentiation between malignant and benign lesions,
as well as detection of distant and mediastinal metastasis, has made it a crucial diag-
nostic modality in evaluation of patients with suspected lung cancer. PET has much
higher than CT sensitivity and specificity in mediastinal LN staging with multiple
randomized controlled trials, systematic reviews, and meta-analysis available. The
first study to assess utility of PET in assessment of patients with lung cancer showed
that staging with PET reduces rate of unnecessary thoracotomies by correct identi-
fication of mediastinal nodal disease and distant metastasis (19/92 [21%] in the PET
arm vs. 39/96 [41%] in the conventional staging) which corresponded to 51% rela-
tive risk reduction in futile thoracotomies with the use of PET staging [15]. Studies
in early lung cancer (predominantly stage I disease) showed that the use of PET
results in stage change in 18% of patients and management change in 13% predomi-
nantly due to identification of N2 disease [16]. A meta-analysis on PET demon-
strated pooled sensitivity of 74% (90% CI, 69—79%) and specificity of 85% (95%
CI, 82-88%). Development of PET/CT has brought the presumed advantage of
making a correlation between the anatomic location and metabolic activity of the
tissues. Integrated PET/CT shows improved CT chest and PET diagnostic accuracy
in mediastinal LN staging in lung cancer with multiple single center, randomized
controlled studies, meta-analysis, and recently a Cochrane database review. Overall
sensitivity, specificity, PPV, and NPV were 77.4% (95% CI 65.3-86.1), 90.1% (95%
CI 85.3-93.5), 65% (95% CI 43-80), and 95% (95% CI 90-98), respectively [17—
22]. Integrated PET/CT decreases the rate of futile thoracotomies (resections in
patients with N2/3 disease [stage IIIA disease or higher] or benign disease).
Preventing 1 unnecessary thoracotomy per five PET/CT scans [18]. However, PET/
CT is associated with a significant false-positive rate ranging between 5% and 15%
[20, 21]. False-positive results may occur in inflammatory, nonmalignant lesions
(pneumonia, sarcoidosis, chronic, smoking-related bronchitis). For that reason, pos-
itive PET/CT findings should always be confirmed pathologically.

False-negative PET/CT results may occur in micrometastatic disease, in smaller
lesions (<1 cm) and in well-differentiated, low-grade malignancies (including ade-
nocarcinomas) [22]. PET/CT has shown high diagnostic accuracy in assessment of
TINO lesions with documented prevalence of mediastinal metastasis in patients
with clinical TINOMO (stage IA) disease and peripheral tumors of 4%, suggesting
that invasive mediastinal staging in this patient population can be omitted [1].

Based on this evidence, international thoracic and pulmonology associations,
including the American College of Chest Physicians (ACCP), European Society of
Thoracic Surgeons (ESTS), and Cancer Care Ontario (CCO), independently devised
mediastinal LN staging guidelines in patients with NSLC, showing concordance in
their recommendations (Table 4.1) [4, 23, 24]. Invasive mediastinal LN staging is not
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Table 4.1 Indications for invasive mediastinal staging in NSCLC

American College of Chest Physicians (ACCP) Mediastinal Staging Guidelines [1]
Absence of extrathoracic disease and any of:
Mediastinal lymphadenopathy (short axis of >1 cm) with or without LN FDG avidity
Mediastinal lymphadenopathy and FDG-avid in any mediastinal (N2-N3), hilar, or interlobar
(N1-N3) LNs
Central tumor (inner 2/3 of the lung) with or without mediastinal lymphadenopathy or FDG
avidity in N1-N3 LNs
European Society of Thoracic Surgeons (ESTS) Guidelines (2]
Abnormal LNs on CT chest
FDG-avid LNs on PET
Central tumors (inner 2/3 of the lung)
Suspicion on N1 disease (based on CT or PET findings)
Low FDG avidity of the primary tumor
Tumors >3 cm in size

Cancer Care Ontario Guidelines [3]
Mediastinal lymphadenopathy (CT chest)
FDG-avid LNs on PET
Central tumors (inner 2/3 of the lung)
Clinical N1 disease
Tumors >3 c¢m in size

recommended for peripheral (outer 1/3 of the lung), stage IA tumors and no suspicion
of mediastinal disease (based on CT and PET assessment) [1, 23, 24]. In infiltrative
mediastinal disease diagnostic, rather than staging mediastinal assessment is sug-
gested, using the mediastinal staging technique with the best diagnostic performance
(based on the local availability and local test performance characteristics) [1, 25].

Traditional Approach to Mediastinal Lymph Node Staging

Until just over two decades ago, invasive mediastinal staging was performed with the
use of surgical invasive techniques including mediastinoscopy, specifically cervical
mediastinoscopy [Med], and less commonly, left anterior mediastinotomy (aka
Chamberlain’s procedure). In addition, extended cervical mediastinoscopy and,
more recently, video-assisted thoracoscopic surgery (VATS) and “supermediastinos-
copies”- transcervical extended mediastinal lymphadenectomy (TEMLA) and video-
assisted mediastinal lymphadenectomy (VAMLA) have become available [26, 27].

Cervical Mediastinoscopy [Med]

Med is a surgical technique that allows for exploration of the mediastinum along the
tracheobronchial structures, from the sternal notch to the subcarinal space and along
both main bronchi [28]. Procedure is performed under general anesthesia and
orotracheal intubation. Three to 5 cm incision is made over the sternal notch with
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Fig. 4.1 Finger palpation
of the superior
mediastinum through the
collar incision for
mediastinoscopy. The
innominate artery is
palpated anteriorly

patient in supine position. Incision is extended through the subcutaneous tissues and
the platysma muscle. Pretracheal muscles are separated to expose the trachea and
pretracheal fascia is incised with scissors to develop pretracheal plane. The medias-
tinum is explored by blunt finger dissection as far caudally as possible (Fig. 4.1).
Mediastinoscope is inserted into the space created by the finger dissection for the
biopsies to be performed (full technique is described elsewhere) [29]. Med allows
access to the pretracheal (station 1), upper paratracheal (stations 2R and 2L), lower
paratracheal (stations 4R and 4L), anterior subcarinal (station 7), as well as hilar
(stations 10R and 10L) LNs. Med cannot access the pulmonary ligament (station 9),
paraesophageal (station 8), posterior subcarinal (station 7), and aortopulmonary
window (stations 5 and 6) LNs. The video-assisted Med has now replaced the tradi-
tional Med in majority of thoracic surgery centers, increasing procedure safety and
diagnostic performance in lung cancer staging. In mediastinal LN staging of pri-
mary lung cancer, Med yield depends on LN location and operator skills [30, 31].
Recently reported systematic review of conventional (26 studies reviewed between
1983 and 2011 with 9267 patients included) and video-assisted Med (7 studies
reviewed between 2003 and 2011, with 995 patients included) performance in
NSCLC staging showed median sensitivity and NPV of conventional and video-
assisted Med of 0.78 and 0.91 and 0.89 and 0.92, respectively [1].

Generally, Med is a safe procedure, performed in outpatient setting. Reported
complication rate is up to 3%, including a pneumothorax, infection, and injury to
the major mediastinal vessels (which can lead to a life-threatening bleeding),
peripheral nerves (which can result in vocal cord palsy), bronchi, and esophagus.
Mortality has been reported at 0.08% in relation to vascular injury [32-35]. The
procedure is contraindicated in patients with tracheostomy, severe cervical spine
arthritis, or instability that prohibits neck extension. Mediastinal adhesions may
make a repeat Med challenging [32, 36, 37].
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Variants of Mediastinoscopic Lymphadenectomy

Video-assisted mediastinoscopic lymphadenectomy (VAMLA) and transcervical
extended mediastinal lymphadenectomy (TEMLA) are surgical procedures per-
formed from collar incision used to perform Med, but the objective of these proce-
dures is not to take LN biopsies but to perform systematic lymphadenectomy [29].

VAMLA is performed with a two-blade separable mediastinoscope. Subcarinal
(station 7) and right inferior paratracheal (4R) LNs are removed en block. Station
4L is removed separately [38]. VAMLA sensitivity in lung cancer staging is 0.96
(95% CI, 0.81-99.3); specificity, 1 (95% CI, 0.97-1); PPV, 1 (95% CI, 0.87-1);
NPV, 0.99 (95% CI, 0.95-0.99); and diagnostic accuracy, 0.99 (95% CI, 0.96-0.99).

In contrast to the VAMLA, transcervical extended mediastinal lymphadenec-
tomy (TEMLA) is an open technique performed with the use of videomediastino-
scope or videothoracoscope allowing access to stations 1, 2R, 2L, 3a, 4R, 4L, 5, 6,
7, and 8 LNs. Large number of nodes can be removed with this technique (mean, 43;
range, 26-85) [26, 27]. Reported sensitivity and NPV of TEMLA for detection of
mediastinal LN metastases are 0.9 and 0.95, respectively. In contrast to other surgi-
cal mediastinal sampling methods, TEMLA and VAMLA offer complete lymphad-
enectomy [38]. However, the high rate of complications (6.0-13.2%) including
recurrent laryngeal nerve palsy, respiratory decompensation, arrhythmia, pneumo-
thorax, vascular injury requiring an open repair complicated by persistent severe
neurological deficit and mortality rate of 1.2% (TEMLA), post-procedure clinical
status deterioration preventing surgical management in as many as 20% of qualify-
ing patients, and a long procedure time (mean 161 min, range 80-330 min)
(TEMLA) makes use of both, VAMLA and TEMLA, unpopular given development
of endoscopic techniques with comparable diagnostic yield but much better safety
profile and shorter procedure duration [26, 27, 38—40].

Parasternal Mediastinotomy

Parasternal mediastinotomy allows access to the subaortic (station 5), para-aortic
(station 6) (L sided), and prevascular (station 3a) LNs [41]. Four to 7 cm transverse
incision is made over the second costal cartilage on the R or on the L down to the
pectoralis major muscle. The cartilage may be excised or alternatively, the proce-
dure may be performed thorough intercostal space. Internal mammary vessels need
to be ligated or retraced. Mediastinal pleura needs to be separated laterally with
finger dissection to expose the anterior mediastinum (Fig. 4.2). The L subaortic and
para-aortic space may be assessed directly or with the use of mediastinoscope (ante-
rior mediastinotomy, aka Chamberlain’s procedure). On the R, prevascular LNs can
be reached. Parasternal mediastinoscopy is a versatile procedure, not only allowing
for the exploration of the anterior mediastinum but also allowing for the opening of
the mediastinal pleura, exploration of the hilum and the pleural space, and opening
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Fig. 4.2 Digital
exploration of subaortic
space during combined
cervical and anterior
mediastinotomy.
(Reprinted with permission
from Shields [46])

of the pericardium to assess for possible tumor invasion. Additionally, lung biopsies
can be performed this way (single lung ventilation is optimal for these additional
procedures) [29]. Reported sensitivity and NPV of anterior mediastinotomy in
assessment of AP window LNs are 78% and 91%, respectively [1]. Complications
of this technique are rare and include injury to the phrenic and recurrent laryngeal
nerve, mediastinitis, and pneumothorax. Given technical challenges in accessing the
anterior mediastinum (i.e., navigation around great vessels) and a convenient and
relatively simple access to the AP window LNs via L. VATS approach, VATS has
been increasingly replacing this technique for staging purposes in patients with
indications to sample AP window LNss.

Extended Cervical Mediastinoscopy

Extended cervical mediastinoscopy, introduced by Kirschner in 1971 and popular-
ized by Ginsburg, allows access to the AP window LN, stations 2, 4, and 7 [42-44].
The technique starts with standard mediastinoscopy, and once that is completed, a
passage is created by finger dissection over the aortic arch between the innominate
and the L carotid arteries. Mediastinoscope is inserted over the aortic arch either
anterior or posterior to the L innominate vain [29] (Fig. 4.3). Reported sensitivity of
extended mediastinoscopy ranges from 71% to 81%, while NPV is 91% [41].
Complications are uncommon (2.3%) including pneumothorax, mediastinitis, ven-
tricular fibrillation, and minor bleeding controlled with compression [38, 45]. One
intraoperative death has been reported from aortic injury [29]. Just like parasternal
mediastinoscopy, extended cervical mediastinoscopy is performed infrequently
with VATS being used increasingly more commonly for access to the subaortic LNs
given limited maneuverability of the mediastinoscope in the anterior mediastinum.
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Fig. 4.3 Extended cervical
mediastinoscopy. From the
cervical incision used for
mediastinoscopy, the
mediastinoscope is
advanced obliquely over
the aortic arch

VATS and Thoracoscopy

VATS and video-thoracoscopy have been used for mediastinal LN staging allowing
for exploration of the ipsilateral mediastinum (stations 2 and 4), hilar [10], interlo-
bar [11], and inferior mediastinal LNs (stations 8 and 9). VATS has progressively
replaced anterior mediastinotomy and extended cervical mediastinoscopy in
patients who need sampling of the para-aortic (station 6) and subaortic (station 5)
LNs. Because of access to the thoracic cavity from the lung apex to the diaphragm,
video-thoracoscopy and VATS not only can be used for mediastinal staging but also
can help with the T and M components of lung cancer staging given the access to
pericardial cavity and pleura. Techniques have been described elsewhere [46].
VATS sensitivity and PPV in mediastinal LN staging in a series of four studies
including 246 patients were 0.95 and 0.96, respectively [1]. Video-thoracoscopy
done before the planned lung resection can prevent futile resections in 4.4% of
patients (mainly due to identification of mediastinal invasion [1.4%], pleural dis-
semination [2.1%], or involvement of adjacent structures in non-pneumonectomy
candidates. Video-thoracoscopy has nigh NPV in excluding unresectability (0.97)
[47]. Procedure-related complications are rare (~5%) and include air leak, subcuta-
neous emphysema, chest pain, bleeding, surgical wound infection, and empyema
[29]. Comparison of intrathoracic LN access by all surgical techniques is provided
in Table 4.2.
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Table 4.2 Intrathoracic LN access by different surgical and endoscopic techniques

Staging techniques
LN Anterior Extended cervical EBUS- | EUS-
station | Med | VAMLA | TEMLA | mediastinotomy | mediastinoscopy | VATS | TBNA | FNA
1 vy |X v b 4 v X b 4 X
2Ry |V v X v Ve v
2L |y |V v X v Ve v
3A X X v b 4 X X b 4 X
3P X X X X b 4 v v b 4
4R |V |V v X v Ve v
4L v |V v X v Ve v
5 X X v N4 v VP X X
6 b 4 X v v v V4l b 4 X
T vy Y, X v Vv v
8 X X v b 4 4 Ve X v
9 b 4 X 4 X X Ve X v
10 v |V v X X Ve X
11 X X X X X Vv Ve X
12 X X b 4 X X v Ve b 4

Abbreviations: Med cervical mediastinoscopy, VAMLA video-assisted mediastinoscopic lymphad-
enectomy, TEMLA transcervical extended mediastinal lymphadenectomy, VATS video-assisted
thoracoscopic surgery, EBUS-TBNA endobronchial ultrasound-guided transbronchial needle aspi-
ration, EUS-FNA endoscopic ultrasound-guided fine needle aspiration

Symbols: “ipsilateral, "left-sided only, “some, no access to the upper lobe N1 lymph nodes

Role of Interventional Pulmonology Procedures in Mediastinal
LN Staging in NSCLC

The idea of nonsurgical mediastinal LN staging in lung cancer was born with the intro-
duction of radial probe endobronchial ultrasound (RP-EBUS) in the early 1990s [48—
51]. Beside its role in diagnosis of peribronchial lesions [52, 53], RP-EBUS has been
used to guide transbronchial needle aspiration (TBNA) in patients with mediastinal
lymphadenopathy and in lung cancer mediastinal LN staging. Diagnostic yield of
RP-EBUS-guided TBNA of mediastinal LNs ranged between 72% and 80% (in a
population with high prevalence of mediastinal nodal metastasis [86%]) [51, 54]. But
RP-EBUS has not been able to provide the same systematic mediastinal LN assess-
ment Med has. For that reason, for decades, Med had been considered the test of first
choice for mediastinal LN staging in lung cancer. However, introduction of endobron-
chial ultrasound-guided transbronchial needle aspiration (EBUS-TBNA) and esopha-
geal ultrasound-guided fine needle aspiration (EUS-FNA), showing equivalent or
better performance than Med in mediastinal LN staging in primary lung cancer, has
led to paradigm shift. Currently, multiple international thoracic surgery and pulmonol-
ogy and cancer organizations recommend the needle-based techniques as tests of first
choice in mediastinal LN staging in primary lung cancer [1, 24, 32, 55, 56].
CP-EBUS is a flexible bronchoscope integrated with a convex transducer at the tip
which scans parallel to the insertion direction of the bronchoscope. Insertion tube distal
end outer and scope outer diameters are 6.9 mm and 6.3 mm, respectively (Table 4.3).
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Incorporation of EBUS at the tip of a flexible bronchoscope allows for real-time TBNA
of the visualized structures (LNs, tumors). The ultrasound probe has B-mode and power
color Doppler capabilities, allowing differentiation of LNs from vascular structures.

Like Med, CP-EBUS can access stations 2R, 2L, 4R, 4L, and 7 LNs. Posteriorly
and deep located station 7 LNs may not be readily accessible to Med, resulting in
false-negative results, but can be easily assessed with EBUS-TBNA [30, 57]. EBUS-
TBNA can reach N1 LNs, including the hilar (station 10), interlobar (station 11),
and some of the lobar LNs (station 12) which are not accessible to Med. However,
not all interlobar and lobar LN locations are accessible to the currently commer-
cially available CP-EBUS because of its size and flexion angle. A new thin CP-EBUS
(BF-Y0046, Olympus, Japan) is currently under development with the goal of
improving EBUS-TBNA capabilities in the interlobar and lobar regions [58, 59].
Some groups access station 5 LN using trans-pulmonary approach. Given the pro-
cedure risks (major artery puncture at a non-compressible site), this approach is not
routinely recommended given safer alternative (L VATS) [60].

Neither EBUS-TBNA nor Med can access prevascular (3A), para-aortic (station
6), paraesophageal (station 8), and pulmonary ligament (station 9) nodes.

Bronchoscopic examination of the airway should be performed with a regular
flexible bronchoscope before EBUS-TBNA. After administration of local anesthe-
sia and conscious sedation, the CP-EBUS is inserted orally and passed through the
vocal cords by visualizing the anterior angle of the glottis. Once the bronchoscope
is introduced into the airway until the desired LN station is reached (Fig. 4.4a), the
balloon is inflated with normal saline to achieve a maximum contact with the tissue
of interest. The tip of the CP-EBUS is flexed and gently pressed against the airway
(Fig. 4.4b). Ultrasonically visible vascular landmarks are used to identify the spe-
cific LN stations as per the International Lymph Node Map devised by the
International Association for the Study of Lung Cancer (IASLC) [61]. The Doppler

Fig. 4.4 Regional lymph J :EBUS-TBNA
node map for lung cancer
staging. Most mediastinal
lymph nodes can routinely
be assessed with a
combination of
endobronchial ultrasound-

:EUS-FNA
J :Both EBUS and EUS

)
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needle aspiration | . \\ v
(EBUS-TBNA) and A\ b
endoscopic ultrasound- ‘:_:“-_“)._ ‘ #1s|

guided fine needle :  \E

aspiration (EUS-FNA)
with the exception of
stations 5 and 6. EBUS-
TBNA can also sample
some N1 nodes. (Reprinted
with permission from d ]
Yasufuku [62]) '
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mode is used to confirm and identify surrounding vessels as well as the blood flow
within lymph nodes. After identifying the lesion of interest, bronchoscopic image of
the airway is simultaneously visualized to localize the insertion point of the needle.
Once the point of entry is decided using airway landmarks, the TBNA needles are
attached to the working channel of the scope, and the sheath is protruded to the
desired length by loosening the sheath knob adjustor (Fig. 4.4c, d). The scope is
then flexed up to visualize the LN on the ultrasonic image. Location of the needle
insertion point is chosen between the cartilage rings by following the white light
image (Fig. 4.4f). Needle is protruded out of the sheath at the desired location, and
once the needle position within the lymph node is conformed with the ultrasound
image, internal stylet is used to clear the needle channel of debris, and removed.
TBNA is performed using cutting motion of the needle within the LN (Fig. 4.4g) [62].

EBUS-TBNA is a safe procedure, with an average complication rate of 1.23%
(95% CI1 0.97-1.48%). Reported complications include hemorrhage (0.68%), infec-
tion (0.19%) (mediastinitis, pneumonia, pericarditis, cyst infection, sepsis), and
pneumothorax (0.03%). EBUS-TBNA reported mortality is 0.01% [63—65]. EBUS-
TBNA is a day procedure that can be performed safely in an endoscopy suite, under
conscious sedation [66].

EUS-FNA

EUS-FNA is performed by using a side-viewing dedicated videogastroscope with a
curved linear-array transducer attached on the tip. Different companies manufacture
EUS scopes. The outer diameter of the EUS scope insertion tube ranges from 11.8
to 12.8 mm, and that of the tip is 13—14.6 mm. Instrument channel inner diameter
measures 2.8-3.7 mm. The dedicated 22-gauge needles are usually used, but smaller
(25-gauge) and larger (19-gauge) needles are also available (Table 4.3). The ultra-
sonographic image is processed by connecting the EUS scope to either the dedi-
cated ultrasound scanner (EU-C60; Olympus), the universal endoscopic ultrasound
scanner (EU-ME1; Olympus), or the Aloka Prosound Alpha5 (Aloka), enabling tis-
sue visualization at a radius of 2—10 cm around the esophagus [62]. After introduc-
tion, the EUS scope is advanced into the distal esophagus and then slowly withdrawn
while making circular movements. Anatomic landmarks such as the inferior vena
cava, right and left atrium, azygos vein, main pulmonary artery, and aorta are identi-
fied. If present, LNs are described and numbered as per the International Lymph
Node Map devised by the IASLC [61]. Lymph nodes are then usually biopsied with
a 22-gauge needle under real-time ultrasound guidance with monitoring of the nee-
dle during insertion and aspiration. EUS can access the pulmonary ligament (station
9), paraesophageal (station 8), subcarinal (station 7), and paratracheal (stations 2, 4)
lymph nodes. In addition, EUS-FNA can access L adrenal, celiac axis LNs, and L
lobe of the liver, which can be useful in ruling out stage IV disease. EUS usually
cannot access the perivascular (station 3a), subaortic (station 5), para-aortic (station
6), and N1 lymph nodes. EUS is a safe procedure with most of the complications
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related only to FNA. The complications include bleeding (0-1.3%), perforation
(0-0.4%), and infection (0.3%). The risk of bacteremia is low and prophylactic
antibiotics are not recommended except for EUS-FNA of pancreatic cystic lesions
[67-69]. Comparison of intrathoracic LN access among surgical and endoscopic
techniques is provided in Table 4.2.

Endoscopic Techniques: Performance in Mediastinal
LN Staging

First study reporting on EBUS-TBNA in mediastinal LN staging in lung cancer
showed sensitivity of 94.5%, specificity and PPV of 100%, NPV of 89.5%, and
diagnostic accuracy of 96.3% [55]. The prevalence of mediastinal nodal metastasis
was 63%. In 19% of patients, in addition to offering staging information, EBUS-
TBNA provided diagnostic information, eliminating the need for further invasive
tests. EBUS-TBNA staging prevented 29 mediastinoscopies, 8 thoracotomies, 4
thoracoscopies, and 9 percutaneous LN biopsies, streamlining the diagnostic
workup [55]. Another study of EBUS-TBNA staging in a population with high prev-
alence of mediastinal nodal metastasis (98.2%) and mediastinal lymphadenopathy
confirmed high diagnostic performance of EBUS-TBNA with sensitivity, specific-
ity, diagnostic yield, and accuracy of 94%, 100%, 93%, and 94%, respectively.
However, NPV was only 11%, suggesting that in a population of patients with high
pretest probability of mediastinal nodal metastasis, confirmatory Med or other stag-
ing procedure should be performed to exclude false negatives [70].

EBUS-TBNA can accurately distinguish between the pathological NO and N1
disease with sensitivity, specificity, diagnostic accuracy, and NPV of 73%, 100%,
96.6%, and 96.2%, respectively [71]. Overall, EBUS-TBNA can correctly identify
mediastinal nodal metastasis in ~one out of three patients with clinical NO disease.
Given EBUS-TBNA safety profile and the advantage of access to N1 LN, staging
with EBUS-TBNA may become an important step in workup of patients with early
lung cancer.

To date, systematic reviews and four meta-analyses evaluated performance of
EBUS-TBNA in lung cancer staging [1, 72-75]. Populations with different preva-
lence of mediastinal nodal metastasis were included (prevalence range 33.7-99.3%).
Data from nearly 3000 patients were analyzed, 36 studies, spanning 12 years (from
2002 to 2012). Overall, EBUS-TBNA demonstrated excellent sensitivity and speci-
ficity of 0.88-0.93 (95% CI 0.79-0.94) and 1.00 (95% CI 0.92—1.00), respectively,
and an NPV of 91% (range 83-96%) [1, 72-74].

EBUS-TBNA performance in mediastinal LN staging in lung cancer has also
been compared to that of Med, in prospective studies [30, 31, 57] and recently in a
meta-analysis [76]. Populations with moderate and high prevalence of mediastinal
nodal metastasis were assessed (prevalence ranged from 32% to 89%). Yasufuku
et al. performed a first head-to-head comparison of EBUS-TBNA and Med staging
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in a cohort of 153 patients with potentially resectable lung cancer. Sensitivity, NPV,
and diagnostic accuracy of EBUS-TBNA and Med were 81%, 91%, and 93% and
79%, 90%, and 93%, respectively. Specificity and the PPV for both staging proce-
dures were 100%. This study demonstrated that in expert hands and controlled set-
ting, EBUS-TBNA is equivalent to Med in mediastinal LN staging [57]. Ernst
et al.’s study showed similar results [31]. Ninety three percent vs. 82% of patients
with lung cancer evaluated by EBUS-TBNA and Med, respectively, had their patho-
logical stage correctly identified (p = 0.083). Overall, sensitivity and NPV of EBUS-
TBNA and Med were 89% vs. 68% and 78% vs. 59%, respectively. However, per
LN analysis showed that EBUS-TBNA had higher diagnostic accuracy (91%) than
Med (78%, p =0.007). There was a discrepancy in diagnostic yield at station 7 (79%
for Med vs. 98% for EBUS-TBNA, p = 0.007). Recently, Um et al. demonstrated,
superior to Med, per patient performance of EBUS-TBNA in lung cancer staging in
a cohort of patients with biopsy-proven lung cancer [30]. EBUS-TBNA and Med
sensitivity and diagnostic accuracy were 88% vs. 81.3% and 92.9% vs. 89%, respec-
tively (p = 0.005). No difference was demonstrated between the procedures in speci-
ficity (100% for both), PPV (100% EBUS-TBNA vs. 89% Med), and NPV
(EBUS-TBNA 85.2% vs. 78.8% Med). Similar to Ernst et al.’s study, there was a
discrepancy between the modalities in disease detection at station 7 LN, with a
nonsignificant trend toward inferior yield with Med than EBUS-TBNA, 75% vs.
82% (p = 0.0614). However, Med yield at station 4L was significantly lower than
that of EBUS-TBNA (52.4% vs. 81%, p = 0.0270) [30].

Recently, a large meta-analysis was conducted comparing indirectly diagnostic
yield of mediastinal staging with EBUS-TBNA to that of Med [76]. Ten EBUS-
TBNA and seven Med studies were included. Outcomes of nearly 1000 patients
staged were analyzed and compared. Overall, sensitivity for detection of mediasti-
nal metastasis was equivalent between EBUS-TBNA and Med at 0.84 (95% CI
0.79-0.88) and 0.86 (95% CI 0.82-0.90), respectively (P = 0.6321). Med was asso-
ciated with fewer false negatives, which in both staging modalities were attributed
to metastasis in inaccessible LNs (stations 5 and 6) and inadequate sampling at
accessible LNs. Med was associated with more complications (17 vs. 4). EBUS-
TBNA-related complications were minor and resolved without intervention.

Neither Med nor EBUS-TBNA can access stations 5, 6, 8, and 9 nodes. Some
authors have advocated for a combined approach, and adding EUS-FNA to EBUS-
TBNA (combined ultrasonography (CUS)) for mediastinal LN staging in lung can-
cer [77, 78]. EUS-FNA is complimentary to EBUS-TBNA and Med in terms of
mediastinal LN access (Fig. 4.4). It allows access to stations 2R, 2L, 4L, 4R, 5, 7,
8, and 9 LNs. EUS-FNA can also access L adrenal, left lobe of the liver, and celiac
axis, some of which are common sites of metastasis from lung cancer. However,
due to intervening airways, right-sided upper paratracheal (2R, 2L) and lower para-
tracheal (4R) LNs may be more challenging to access. EUS-FNA performance in
mediastinal LN staging in lung cancer has reported sensitivity, specificity, PPV,
and NPV equivalent to that of EBUS-TBNA at 89%, 100%, 100%, and 86%,
respectively [1].
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CUS has been shown to improve access to the mediastinum [79], and the
extended LN sampling that occurs with both modalities combined may improve
diagnostic yield as compared to EBUS-TBNA alone, thanks to detection of addi-
tional metastatic foci [79-81]. The concept of CUS was first presented by Vilmann
et al. [80]. Thirty-one patients with suspected or proven lung cancer underwent
CUS. A total of 119 lesions were sampled by EUS-FNA (n = 59) and EBUS-TBNA
(n = 60). Cancer diagnosis was made in 26 EUS-FNA and 28 EBUS-TBNA sam-
pled lesions, respectively. Eleven additional cancer diagnoses and three samples
with suspicious cells were obtained by EBUS-TBNA that had not been detected by
the EUS-FNA. Conversely, 12 additional cancer diagnoses, one suspicious and one
specific benign diagnosis (sarcoidosis), were found by EUS-FNA that had not been
picked up by EBUS-TBNA. Mediastinal involvement was confirmed in 20 of the 28
patients in whom a final diagnosis was obtained. The accuracy of CUS, for diagno-
sis of mediastinal metastasis, was 100% (95% CI, 83—100%).

Diagnostic yield of CUS has been shown to be equivalent to that of EBUS-TBNA
regardless of whether one (CP-EBUS-TBNA scope used in the airways [EBUS-
TBNA] and the esophagus [EBUS-transesophageal-guided needle aspiration
[EBUS-TENA]) [82] or two scopes (a dedicated CP-EBUS-TBNA scope and a
dedicated EUS-FNA scopes) are used. Diagnostic performance of EBUS-TBNA
compared to CUS showed sensitivity, NPV, and diagnostic accuracy of 84.4%,
93.3%, and 95.1%; 91.1%, 96.1%, and 97.2%; and p = 0.332, p = 0.37 9, and
p =0.360, respectively [79, 81, 83]. However, one-scope CUS significantly reduced
procedure time as compared to the two-scope approach (25 = 4.4 min vs.
14.9 £ 2.3 min, p = 0.001) [82-84].

Based on these results, some authors suggest to use CUS in mediastinal LN stag-
ing in all patients with lung cancer and promote the use of EBUS-TENA over
EBUS-TBNA and EUS-FNA for time-saving purposes [81, 85-87]. However, some
important aspects of these studies need to be considered before CUS can be recom-
mended routinely. Herth et al. reported only three cases where positive results were
obtained exclusively by EBUS-TENA from stations 2L, 10L, and 7, all of which are
accessible by EBUS-TBNA [81]. In another study, three exclusively positive cases
determined by EBUS-TENA (2.1% of patients) were from stations 4L and 5 (fre-
quently involved together with station 4L which is accessible to EBUS-TBNA).
Stations 8 and 9 LNs did not contribute to increased diagnostic yield by EBUS-
TENA in that study [79]. Overall, prevalence of mediastinal LN metastasis in sta-
tions inaccessible to EBUS-TBNA is low, ranging between 0.19% and 1.2% for
station 8 and 0.83% and 2.2% in stations 5 and 6 [57, 78, 86]. The low prevalence
of mediastinal metastasis in exclusively EUS-accessible LNs, limitations of EUS in
assessment of R-sided mediastinal LNs (described below), and given the equivalent
to Med yield of EBUS-TBNA in the hands of a skilled operator may be the reasons
behind the lack of statistically significant difference in diagnostic yield when add-
ing EUS-FNA to EBUS-TBNA staging, while a statistically significant increase in
diagnostic yield has been achieved by adding EBUS-TBNA to EUS-FNA [82, 88].
The use of EBUS through the esophagus to increase the yield further or CUS using
two scopes may not be justifiable from the health economics perspective, and
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instead a selective use of CUS should be implemented if there is a high index of
suspicion of metastasis in EBUS-TBNA-inaccessible LNs.

A recent prospective study of mediastinal staging in patients with lung cancer
compared the yield of combined EBUS-EUS and Med with the results of surgical
lymphadenectomy [86]. CUS and Med approach diagnosed additional N2/N3 and
M1 disease in 14% of study patients that had not been detected by the Med approach,
preventing inappropriate surgical resections. CUS sensitivity, NPV, and diagnostic
accuracy were 91%, 100%, 96%, and 97%, respectively. Interestingly, NPV and
diagnostic accuracy of EBUS alone, CUS, and Med compared with mediastinal
lymphadenectomy at thoracotomy were quite similar (~90%, 95% CI
~0.84-0.95) [86].

Positive result of mediastinal LN staging with needle-based techniques has a
significant impact on patient management and may result in improved survival [1,
48, 89-91]. However, if the endoscopic staging is negative, the question remains
whether there is a role for a confirmatory Med in this setting, and if so, which
patients should it be offered to.

For EBUS-TBNA, performance depends on the operator’s skill and prevalence
of mediastinal metastasis in the studied population. In skilled hands, performance of
EBUS-TBNA has been shown to be equivalent or better than that of Med [30, 57].
In a population with intermediate prevalence of mediastinal metastasis (35%),
Yasufuku et al. showed sensitivity and NPV of EBUS-TBNA of 81% and 91%,
respectively. Combined EBUS-TBNA and Med improved sensitivity to 91% and
NPV to 96%. This represents an overall 5% increase in NPV and number needed to
treat of 9. In a patient population with clinical NO disease, surgical staging may not
contribute significantly to improving diagnostic yield. Szlubowski et al. demon-
strated CUS sensitivity, specificity, diagnostic accuracy, PPV, and NPV of 68%
(95% CI: 48-84), 98% (95% CI: 92-100), 91% (95% CI: 86-96), 91% (95% CI:
70-99), and 91% (95% CI: 83-96). TEMLA was performed in 99 patients whose
CUS was negative detecting nine additional cases of mediastinal metastatic disease
(8%) [92].

Therefore, in a patient population with clinical NO disease and low prevalence of
mediastinal nodal metastasis, confirmatory Med following negative EBUS-TBNA
staging may not be justifiable. Annema et al. compared the yield of CUS and Med
combined to that of Med in a population of patients with high prevalence of medi-
astinal nodal metastasis (49%). Sensitivity for detecting N2 and N3 disease was
79% (95% CI1 66—88%) in Med arm, 85% (95% CI 74-92%) in CUS arm (p = 0.47),
and 94% (62/66; 95% CI 85-98%) for the CUS strategy followed by Med (p = 0.02).
Evaluating sonography (CUS) and surgical components (Med) separately showed
sensitivity and NPV of 85% and 85% for CUS and 79% and 86% for Med. This
demonstrated that Med and CUS staging may be equivalent but that CUS approach
followed by Med in CUS negative cases in a patient population with high preva-
lence of mediastinal nodal metastasis has higher than Med alone sensitivity and
results in fewer unnecessary surgeries (7% in CUS and Med arm vs. 18% in the Med
alone arm, p = 0.02). Adding Med to CUS increased sensitivity and NPV of staging
by 9% (94%) and 11% (93%), respectively, indicating that with rising prevalence of
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mediastinal nodal metastasis, confirmatory Med may be of value and that the deci-
sion about confirmatory testing should be made on a case-by-case basis. (Post hoc
analysis of survival data from this trial has recently been reported, showing no sur-
vival advantage in the CUS and Med arm as compared with the Med alone arm. This
may be explained by insufficient powering of the study to detect survival differ-
ence.) [93]

Limitations of Endoscopic Mediastinal LN Staging

Needle-based techniques have offered a safe and accurate alternative to invasive
mediastinal LN staging in patients with lung cancer. However, it is important to
realize limitations of these techniques as used for this indication, to ensure they are
used only when the procedure yield and patient benefits are maximized.

Even when combined, EBUS-TBNA and EUS-FNA cannot access majority of
the intrathoracic LNs. EBUS-TBNA cannot access mediastinal stations 5, 6, 8, and
9. EUS-FNA tends to underdiagnose N3 disease in left-sided tumors, and N2 dis-
ease in right-sided tumors (due to decreased diagnostic yield resulting from higher
rate of false negatives in the R-sided LNs due to reduced LN visualization through
the air-filled trachea) [82, 88]. EUS-FNA cannot access any of the interlobar/lobar
and segmental LNs, while EBUS-TBNA can access some interlobar and segmental
LNs in the lower lobes, but not N1 lymph nodes adjacent to the upper lobe airways.
While invasive sampling of N1 LNs may not be relevant in surgical candidates,
many patients are unable to undergo curative surgery. For these patients, local thera-
pies like stereotactic body radiation (SBRT) or radiofrequency ablation (RFA) are
available. In addition, tissue-sparing surgery (wedge, sublobar resection) has
become more popular and may be the treatment of choice for patients [94] or the
only surgical option for patients with limited pulmonary reserve. High post-SBRT
local failure (15%) may be due to undetected nodal metastasis in patients undergo-
ing treatment under presumption that the clinical stage correlates with the patho-
logical stage [1, 95-103].

All of these recent developments stress the growing need for invasive nodal stag-
ing that extends beyond the mediastinum and into the hilar, interlobar, and perhaps
even the lobar LNs including in patients with clinical NO disease [104] . Performance
of EBUS-TBNA and EUS-FNA has been assessed in patients with clinical NO dis-
ease. EBUS-TBNA and EUS-FNA have varying performance in patients with clini-
cal NO disease. For EBUS-TBNA, some studies report sensitivity and NPV ranging
between 89% and 92.3% and 96.3% and 98.9%, respectively [99, 100], while others
show sensitivity and NPV ranging between 35% and 60% and 88.4% and 93.4%
[96, 98]. Reported EUS-FNA sensitivity and NPV in patients with clinical NO range
between 45% and 61% and 79% and 88%, respectively [92, 105, 106].

There may be a variety of reasons for this wide discrepancy aside from clinical
expertise of the operator: (1) presence of multiple LNs at a station, but only selec-
tive LN sampling is possible with both techniques; (2) LNs inaccessible for sam-
pling due to intervening structures (i.e., vascular structures in the needle path, or
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air-filled trachea in case of EUS-FNA); (3) micrometastasis in LNs not sampled
(i.e., in many studies, the lower limit of LN size considered for TBNA was 5 mm,
with LNs smaller than that not sampled); and (4) micrometastasis in small LNs
which may be more challenging to sample (some authors reported higher percent-
age of nondiagnostic results from LNs smaller than 5 mm in size, suggesting that
this may represent the lower limit of needle technique accessibility beyond which
adequate tissue sampling may be challenging and negative results should be inter-
preted with caution) [57]. Reported performance of surgical techniques including
Med and VATS may not be affected by the prevalence of mediastinal nodal metas-
tasis (sensitivity of 89% in cNO-3) to the same extent as the performance of the
needle-based techniques [1]. Development of the new thin EBUS scope can circum-
vent some of the N1 LN access challenges but not necessarily the LN size and
related diagnostic yield issues [58, 59]. Until then, surgical staging may be neces-
sary for some of the patients requiring sublobar resections.

While the endoscopic techniques can assess for mediastinal invasion in bulky
tumors and prevent unnecessary thoracotomies and futile resections [78], this
assessment is nonspecific, and if there is a high degree of suspicion of mediastinal
invasion with negative needle-based technique assessment, surgical staging (Med or
VATS) is a sensitive way of assessment in such patients with the VATS ability to
safely access stations 5 and 6 LNs [1].

Patient survival is related to the T component of the tumor. Patients with lower T
stage have a better survival [107]. Unlike surgical techniques (VATS), endoscopic
techniques cannot assess mobility of the tumor, or the presence or the degree of
direct invasion into the chest wall or the mediastinum [78, 108]. Aside from EUS-
FNA ability to access L adrenal, the left lobe of the liver, and celiac axis LNs,
needle-based techniques cannot assess the M component of the tumor in relation to
pleural and pericardial disease, while VATS, by direct visualization of the pleura
and pericardium, can diagnose unexpected stage IV disease (reported in 4—6% of
patients in some series) [109, 110].

Another challenge in the application for the needle-based techniques is the
access to training and endoscopy resources [111]. Needle-based techniques have
become more popular over the past two decades, and many academic centers have
implemented the use of EBUS-TBNA and/or EUS-FNA into the armamentarium of
tests available. This allows both thoracic surgery and pulmonology trainees to gain
access to training. However, training access is an issue for physicians already in
practice. The number of supervised procedures to achieve proficiency in endobron-
chial ultrasound is unknown. Previous guidelines suggested 40—-50 supervised pro-
cedures [112]. However, recent studies show that individual physician learning
curves vary, and a median of 212 and 163 procedures may be needed to achieve an
“expert” performance and to correctly identify nodal stations, respectively [113,
114]. These statistics, however, do not pertain to performance in systematic medias-
tinal LN sampling of not only large but also subcentimeter LNs, needed in medias-
tinal staging, which may be one of the most challenging procedures performed
using the needle-based techniques. Individual physician learning curves vary with
as many as 33% of trainees not gaining an expert level within their fellowship train-
ing time (usually 1 year) [113]. Many physicians already in practice gain their
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needle-based techniques training through a 1- or a 2-day course. Post-course sur-
veys suggest that as many as 77.5% of attendants may not feel confident about their
needle-based technique skills after course completion [115]. Access to technology
even for trained physicians is another issue, with technology being less available in
nonacademic centers (only 54% of former endoscopy training course attendees
reporting access to EBUS at their centers) [111], with cost of equipment, high per
procedure cost, and access to support staff identified as other challenges in the use
of needle-based techniques [116].

Neoadjuvant chemoradiation followed by surgery in lung cancer patients with N2
disease may offer survival advantage over definitive chemoradiation, if the medias-
tinum can be downstaged to NO/N1 preoperatively [117-119]. Sensitivity and NPV
of EBUS-TBNA and EUS-FNA for mediastinal restaging have shown to be lower
than in initial mediastinal staging, ranging between 50% and 77% for EBUS-TBNA
[120-123] and 42-91% and 53-91% for EUS-FNA [124-126]. This is thought to be
attributable to LN necrosis and fibrosis. Given a wide range of NPV of the needle-
based technique assessment in this group of patients (~40-90%), surgical staging
with Med may offer a better alternative [127, 128]. Even though the yield of Med in
lung cancer restaging is lower than in staging, multiple studies have reported feasi-
bility of repeated Med for restaging with 98—100% planned procedures completed
[127, 128] and low morbidity (1.9%) [127] but unfortunately also a death reported
in one study due to perioperative bleeding [128]. One of the largest series was
reported by De Waele et al. [128]. One hundred four patients were restaged with
Med after neoadjuvant therapy. Med sensitivity, specificity, and diagnostic accuracy
were 71%, 100%, and 84%, respectively [128]. Med prevented 20 futile thoracoto-
mies by detection of persistent N2/3 disease. Patients without nodal metastasis pro-
ceeded to surgical resection with median survival of 28 months (95% confidence
interval 15-41). Survival in patients with positive- and false-negative Med was
14 months (95% confidence interval 8—20) and 24 months (95% confidence interval
3-45), respectively. This suggests that Med is also able to provide a prognostic
information. Other studies reported similar performance characteristics for Med
with sensitivity of 61-83%, diagnostic accuracy of 84-91%, and NPV of 85% [127—
130]. One study, however, showed very low sensitivity and diagnostic accuracy of
Med, 29% and 60%, respectively, which was presumed to be due to inadequate
sampling of station 7 LN in majority of patients [131]. The choice of restaging pro-
cedure should be based on local expertise and having weighted in the diagnostic test
performance characteristic based on the location of suspected metastasis.

Recommendations

Current evidence confirms that both needle-based techniques and Med have similar
performance in mediastinal LN staging in lung cancer, with the EBUS-TBNA and
EUS-FNA being less invasive, better tolerated, and with fewer complications. These
findings led to a recent recommendation by the American College of Chest



4 Mediastinoscopy: Surgical Versus Medical 81

Biopsy-proven or suspected NSCLC
1
PET-CT and CT thorax with IV contrast

! l ! !

Peripheral tumor Central tumor? /cN1® Bulky mediastinal
<3cmt Tumor >3 cm disease LN/supraclavicualr LN
] |
PET-CT and CT PET-CT and CT
thorax thorax
T I | 1
-ve +ve -ve +ve
EBUS-TBNA/EUS- | | EBUS-TBNA/EUS- EBUS-TBNA/EUS-
EBUS-TBNA/EUS-
FNA/CUS FNA/CUS FNA/CUS ENA/CUS of
| ] | 1 1 | mediastinal LN or
FNA of
-ve +ve -ve +ve -ve +ve supraclavicular LN
I I I I
¥
Mediastioscopy
Surgery -ve | +ve Chemoradiation

Fig. 4.5 The algorithm for mediastinal assessment in patients with non-small cell lung cancer.
fImplies stage IA: TINOMO (T1: primary tumor diameter 3 cm or smaller and surrounded by lung
or visceral pleura, or endobronchial tumor distal to the lobar bronchus). Tumor in the central third
of the hemithorax is considered central. A tumor in the distal two-thirds of the hemithorax is con-
sidered peripheral. §cN1: clinical N1 disease = interlobar LN involved. In some patients with
mediastinal LN metastasis, surgical management may be considered following neoadjuvant
chemoradiation depending on patient status and institutional expertise. CT computed tomography,
CUS combined ultrasonography, EBUS endobronchial ultrasound, EUS endoscopic ultrasound,
FNA fine needle aspiration, MO no metastases, NO no lymph nodes involved, NSCLC non-small
cell lung cancer, +ve/—ve pertains to mediastinal LN involvement, PET positron emission tomog-
raphy. (Reprinted with permission from Czarnecka and Yasufuku [48])

Physicians (ACCP) and the European Society of Thoracic Surgeons (ESTS) that the
endoscopic mediastinal staging be the tests of first choice in invasive mediastinal
LN staging, and that they be followed by Med in case of negative results if the index
of suspicion for metastatic disease is high [1, 3] (Fig. 4.5).

At present, there is insufficient evidence to clearly define the role of surgical and
endoscopic modalities in patients with advanced lung cancer and considered for
trimodality therapy and in setting of suspected recurrent lung cancer. However,
recently, literature has emerged on cost-effectiveness of mediastinal LN staging in
this patient population [25]. In a population with high prevalence of mediastinal
nodal metastasis, EBUS-TBNA followed by Med has been shown to be the most
cost-effective strategy, suggesting a clear role for confirmatory Med in some patients
while advocating for EBUS-TBNA as the test of first choice for invasive staging
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[25]. Studies demonstrate that EBUS-TBNA sensitivity and prevalence of mediasti-
nal nodal metastasis are important factors in deciding on the most cost-effective
staging modality. Recent study showed that if the EBUS-TBNA sensitivity of at
least 25% cannot be achieved, Med should be the preferred staging strategy, proving
that the previous “gold standard” is still preferred over poorly performed endo-
scopic staging [25, 132].

Given better and safer performance of Med when performed for the first time,
and equivalent performance of Med and endoscopic staging in primary mediastinal
staging, it appears that “saving” Med for restaging after neoadjuvant therapy and
staging initially endoscopically might be the most cost-effective staging approach in
lung cancer patients considered for a curative resection. However, if endoscopic
staging is performed for restaging, a confirmatory Med should follow in the event
of negative endoscopic staging [3].

Surgical mediastinal staging techniques are routinely available at thoracic sur-
gery centers managing lung cancer, although the number of surgical staging per-
formed may be reduced at the academic centers due to introduction of needle-based
techniques. With a paradigm shift and implementation of needle-based techniques
more frequently for mediastinal LN staging in lung cancer, it will be important to
ensure that current and future thoracic surgery trainees gain access to training in
Med, to ensure high-quality performance, given an important role surgical tech-
niques play in invasive staging of patients with lung cancer.

Conclusion and Future Directions

Lung cancer diagnosis and management have undergone significant changes over the
past decade with introduction of the minimally invasive endoscopic techniques.
Endoscopic staging offers an accurate and cost-effective means of mediastinal evalu-
ation in primary lung cancer. Quality data on performance of EBUS-TBNA in medi-
astinal LN staging in lung cancer led to a recent recommendation from the ACCP and
ESTS to use the needle-based techniques for the initial mediastinal staging [1, 3].
When combined with EUS-FNA, EBUS-TBNA offers nearly complete assessment
of the mediastinum and may have higher diagnostic accuracy than the previous gold
standard, Med, in patients with metastatic disease in EBUS-TBNA-inaccessible LNs.

Practice of medicine has evolved in many specialities with focus on minimally
invasive diagnosis and treatment as well as personalized treatments of disease. At
present, lung cancer is being treated not only with surgery but also with therapies
like RFA and SBRT. Sublobar resections may become standard of care for Tla
tumors [94] and are the only surgical option for patients with significantly impaired
lung function [95]. In this setting, development of a thin CP-EBUS scope opens up
a possibility of not only reaching further into the airways and sampling the more
distant and upper lobe N1 LNs but also personalized therapy where a tumor-specific
treatment could be delivered to a metastatic LN or a primary lung tumor, using a
real-time ultrasound imaging [133, 134]. In addition, it will be important to



4 Mediastinoscopy: Surgical Versus Medical 83

continue work on improving the endoscopic staging technologies, to increase their
diagnostic yield. The new EU-ME2 processor (Olympus, Japan) is equipped with
the elastography function which may offer a useful noninvasive adjunct to endo-
sonograpic LN assessment, pointing out the areas which are more likely to be
involved with tumor, for a more directed TBNA [135]. Analysis of the unique spec-
tral features of the LNs may be another useful way allowing to differentiate between
malignant and noninvolved LN, further increasing diagnostic accuracy of the endo-
scopic staging [136].

Even though many centers globally have acquired endoscopic ultrasound tech-
nology, it is unlikely that Med will be eliminated from the armamentarium of inva-
sive tests used in lung cancer patients. Instead, a combination of endoscopic and
surgical assessments will become the standard of care, depending on the unique
clinical scenario. This will allow highest diagnostic yield at all stages of the disease
and optimal patient management. For example, Med is recommended as a confirma-
tory test in patients with negative needle-based staging in patients with high pretest
probability of mediastinal metastasis, and it should be the test of first choice for
mediastinal restaging, following neoadjuvant therapy (especially if needle-based
technique was used to stage mediastinum initially). In addition, despite the recent
change in the guidelines and a shift to the minimally invasive endoscopic staging,
acquisition of this technology in many thoracic surgery and pulmonology centers is
hindered by the lack of EBUS-TBNA expertise and limited resources. Therefore,
Med is still the test of first choice in many thoracic surgery programs worldwide for
mediastinal staging, restaging, and diagnosis of disease recurrence. For these rea-
sons, it is important that thoracic surgeons get adequate training in both Med and the
needle-based techniques like EBUS-TBNA or EUS-FNA and that the focus of lung
cancer diagnosis and treatment be on a multidisciplinary approach with a close col-
laboration of the radiologists, thoracic surgeons, pulmonologists, pathologists, and
oncologists to ensure the optimal patient management at all stages of the disease.
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Chapter 5
Airway Foreign Bodies: Rigid vs Flexible
Approach
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Inderpaul Singh Sehgal, Sahajal Dhooria, Rajiv Goyal, and Ritesh Agarwal

Introduction

Foreign body (FB) aspiration can present as a medical emergency. FB aspiration
generally has a bimodal distribution, and is more commonly encountered in chil-
dren <3 years and in the elderly population [1-6]. In adults, FB aspiration is uncom-
mon, and the proportion of flexible bronchoscopies performed with airway FB as an
indication range from 0.2% to 0.3% across various centres [1, 7]. The presentation
of FB aspiration may be acute with respiratory failure or subacute-to-chronic with
non-specific respiratory symptoms. The diagnosis requires a high index of clinical
suspicion, especially in patients without a history of FB aspiration and in those with
a normal chest radiograph. In this review, we discuss the clinical and radiological
manifestation of FB aspiration. We also discuss the various tools that are used for
removing airway foreign body. In addition, we provide practical tips in handling
and removing different types of airway foreign bodies.
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What Are the Types of Airway FB?

Airway foreign bodies (FBs) are broadly classified as organic, inorganic, mineral
and endogenous [1, 3, 7, 8]. The inorganic FBs include metallic (coins, pins, nee-
dles, screws, nails and others), plastic (pen cap, buttons, whistle and others), tablets
and magnetic objects. The organic FBs include food particles, vegetables, seeds,
nuts and others. The minerals include the dental prosthesis, tooth and bones, while
the endogenous foreign bodies include broncholiths. Besides, the airway FB can
also be described based on its characteristics (small or large, smooth or uneven sur-
face, brittle or hard, sharp or blunt).

Practical point While planning bronchoscopy for an airway FB, it is a good prac-
tice to characterize the type of FB as it enables selection of the instruments required
for its removal (flexible or rigid bronchoscope, type of forceps). This information
can be obtained from the history, thoracic imaging (in case of a radio-opaque FB)
and endoscopic findings during flexible bronchoscopy.

What Is the Clinical Presentation of Airway FB?

FB aspiration occurs due to the failure of airway protective mechanisms. In chil-
dren, it is due to the immature swallowing coordination, while in adults, it occurs
due to secondary causes. The risk factors for FB aspiration in adults include altered
sensorium, drug intoxication, old age, neurological disorders, psychiatric illness
and occasionally accidental during laughing, crying or sneezing [3]. The clinical
presentation of FB aspiration depends on the age, the type of FB, the location of FB
impaction and others. An acute presentation is more common in children than adults
[8]. This is due to the smaller size of airways in children that causes the FB to lodge
in the more proximal airways (subglottic region and trachea), with resultant acute
airway obstruction and asphyxiation [5, 9-11]. In adults, the presentation is gener-
ally more innocuous as the FB gets impacted in the distal airways. The most com-
mon site of FB aspiration in adults is the right bronchial tree, which is in direct
continuation of the trachea, and is straighter and shorter compared to the left bron-
chial tree [6, 7, 12]. A clear history of aspirating a FB is not always forthcoming and
is present in up to 30-50% of cases [13, 14]. The common presenting symptoms are
recent onset cough, a choking episode, wheezing, breathlessness and occasionally
hemoptysis. In long-standing foreign bodies, patients may present with symptoms
of non-resolving pneumonia, bronchitis or bronchiectasis (chronic productive
cough, fever, hemoptysis and others) [1, 15-18].

Clinical examination may reveal features of central airway obstruction such as
stridor or monophonic wheeze or can be unrevealing in the case of a distally placed
FB [6, 19]. Occasionally, there may be features of collapse (decreased intensity of
breath sounds, impaired percussion note with or without a monophonic wheeze). In
those with long-standing FB aspiration, there may be features of non-resolving
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pneumonia or bronchiectasis. The findings on chest imaging depend on the type of
FB. Chest imaging is mostly normal especially in case of organic foreign bodies
[20]. Imaging is diagnostic in cases of a metallic (pins, needles, nails and others) FB
or dentures (Figs. 5.1, 5.2 and 5.3). There may also be indirect signs of airway FB
(unilateral hyperinflation, collapse, consolidation or bronchiectasis) [20]. Computed
tomography (CT) of the thorax is more sensitive than the chest radiographs for
identifying tracheobronchial foreign bodies [21, 22]. CT thorax with virtual bron-
choscopy can not only pinpoint the location but can also help in planning the proce-
dure for retrieval of the FB [22].

Practical tips A history of FB aspiration is absent in almost 50% of the patients;
thus, diagnosis requires a high index of clinical suspicion. Chest imaging (espe-
cially CT chest) helps in locating the airway FB and helps in planning the subse-
quent procedure.

Fig. 5.1 Chest radiograph (lateral view and postero-anterior view) demonstrating a radio-opaque
foreign body (arrow) in the right intermediate bronchus. The foreign body (screw-head) was suc-
cessfully removed using the flexible bronchoscope

Fig. 5.2 Chest radiograph demonstrating a sharp (pin) foreign body with its pointed edge facing
upwards in the left main bronchus. The board pin (right panel) was removed during flexible
bronchoscopy
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Fig. 5.3 Chest radiograph (postero-anterior and lateral view) demonstrating a denture in the left
main bronchus that was successfully removed during flexible bronchoscopy

How to Select Between Flexible and Rigid Bronchoscopy
in the Management of Airway FB?

Before the advent of bronchoscopy, the morbidity and the mortality of FB aspiration
were high [23]. The first description of airway FB removal was by Gustav Killian
using the rigid bronchoscope [24]. Subsequently, Jackson et al. demonstrated a
decrease in mortality with successful removal of airway foreign bodies using rigid
bronchoscopy [25]. The flexible bronchoscope was developed by Ikeda in 1968
[26]. Animal studies demonstrated that foreign bodies could be successfully
removed during flexible bronchoscopy [5, 12, 27, 28]. Thereafter, several case series
have described the successful removal of airway foreign bodies in adults [6, 29-31].
Flexible bronchoscopy is now the initial procedure of choice in the diagnostic eval-
uation of tracheobronchial FB, especially in adults and older children [7]. It helps to
visualize the FB, confirm the location, size and disposition within the airways, and
the presence of granulation and oedema around the FB. This information is invalu-
able for planning the procedure, selecting the appropriate instruments and the need
for rigid bronchoscopy. Thus, flexible bronchoscopy is not only diagnostic but can
also be therapeutic in most cases. In a recent meta-analysis, flexible bronchoscopy
was found to help in successfully retrieving airway FB in 90% (95% confidence
interval, 86-93%) of the cases in adults [7].

Flexible bronchoscopy offers several advantages. It is a day care procedure per-
formed under conscious sedation. The flexible bronchoscope is widely available and
is associated with low morbidity and mortality. It enables a comprehensive airway
examination, including that of the upper lobes and distal airways that cannot be nego-
tiated with rigid bronchoscopy. However, flexible bronchoscopy does not provide a
secure airway and cannot protect the glottis during the retrieval of a FB. In children
<3 years of age, rigid bronchoscopy is the preferred modality for FB extraction as
they are more likely to present with respiratory distress and need a secure airway. In
adults, the use of rigid bronchoscopy is rarely required for FB removal, except in case
of an asphyxiating FB, large foreign bodies with smooth margins or where flexible
bronchoscopy was unsuccessful in removing the FB [32]. Rigid bronchoscopy offers
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several benefits. It provides a secure airway and protects the glottis during FB extrac-
tion [32, 33]. Rigid bronchoscopy, however, requires general anaesthesia and may
not be available at all centres. Also, one cannot visualize the upper lobes and the
distal airways with rigid bronchoscopy alone; however, a flexible bronchoscope can
always be inserted through the rigid bronchoscope for distal visualization [33].

Practical tips Flexible bronchoscopy is the preferred initial modality for diagnosis
in patients with FB aspiration. At the authors’ centres, flexible bronchoscopy is the
first procedure for FB visualization and removal. It is generally performed using
local anaesthesia and moderate conscious sedation. In case flexible bronchoscopy is
unsuccessful, the procedure is then performed using rigid bronchoscopy. Patients
with asphyxiating FBs and younger children are taken up for rigid bronchoscopy
directly [6, 7, 34, 35].

What Are the Basic Principles in Removal of Foreign Body?

The first step in the management of an airway FB is to assess the patency of the
patient’s airway and any compromise in the ventilation. In patients who are asphyxi-
ated, rigid bronchoscopy is the procedure of choice. In case it is not immediately
available, ventilation may be ensured using non-invasive ventilation. Inserting an
endotracheal tube is an individualized decision based on the patient’s condition, as it
may displace the FB more distally in the airway. Another option is to use a laryngeal
mask airway (a supraglottic device) to secure the airways for performing flexible
bronchoscopy. For patients who are maintaining a patent airway allowing sufficient
ventilation, flexible bronchoscopy may be performed first. Flexible bronchoscopy is
performed using the oral route. The entire tracheobronchial tree is examined to locate
the FB. Once the FB is localized, the removal of airway FB involves three steps
(Mehta’s technique), namely, dislodgement of, securing and removing the FB [1]. For
dislodging an airway FB, the FB has to be grasped using the appropriate forceps and
a Fogarty balloon has to be placed distal to the FB and inflated [36—38]. Occasionally,
the Fogarty balloon is then gently pulled to bring the FB in more proximal airways
(main bronchi or the trachea). Sometimes the granulation tissue may cover the for-
eign body, and dislodgement in such instances requires removal of the granulation
using either argon plasma coagulation or electrocautery. Once the FB is dislodged, it
is secured by grasping it with a suitable forceps. After securing the FB with a suitable
forceps, the entire assembly, namely, the bronchoscope, the forceps and the FB, is
withdrawn en bloc via the transoral route [1, 7]. All the three steps may not be required
in all cases. In case a FB allows an easy hold, it can be grasped with suitable forceps
and retrieved instantly. After removing the FB, the airways should always be re-
examined to ensure complete removal of the FB and to remove the pooled secretions.

Practical tips The removal of airway FB involves three basic steps (dislodgement,
securing and retrieval). The airways should always be re-examined to ensure com-
plete removal of the FB.
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What Are the Instruments for Grasping and Removing the FB
Through the Flexible Bronchoscope?

The common instruments used for removing a tracheobronchial FB include forceps,
snare, baskets and the cryoprobe (Fig. 5.4).

Forceps are the most commonly used instrument for removing tracheobronchial
foreign bodies. The commonly used forceps include the alligator jaw grasping for-
ceps (for small objects), rat tooth grasping forceps (for soft and flat objects), rat

Fig. 5.4 Photographs of various instruments used during flexible bronchoscopy. Panel a and b dem-
onstrating rat tooth forceps. Panel ¢ demonstrating a rubber tip forceps that is used for removing soft
foreign bodies and those with flat surface. Panel d demonstrating a V forceps used to grasp flat objects.
Panel e demonstrating a fishnet. Panel f and g showing a Dormia basket with four wires attached to a
lead point. Panel h and i demonstrating a curette used to mobilize foreign bodies from difficult areas
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tooth alligator jaw grasping forceps (for soft and flat objects), three-nail grasping
forceps, rubber tip grasping forceps (for sharp objects and smooth objects), shark
tooth grasping forceps (for flat objects) and V-shaped forceps (for flat objects) [1-
3]. The cupped forceps are generally not used for FB retrieval [1, 3]. The magnetic
extractor is used to retrieve metallic foreign bodies such as broken cytology brush,
pins or needles that are displaced in the distal airways and are not directly visible
[39]. The magnetic extractor is advanced under fluoroscopic guidance to the
FB. Once the FB is in contact with the magnetic extractor, it is withdrawn gently to
bring the FB in more proximal airways. The magnetic extractor is then withdrawn
and the FB is grasped with a grasping forceps and retrieved via oral route [39].

Snare is used to extract large foreign bodies that cannot be grasped with the grasp-
ing forceps [40, 41]. The FB is entangled in the snare and secured. The snare with
the FB is then withdrawn as a single unit [40]. The snare is helpful in retrieving
large round foreign bodies with smooth margins that are difficult to grasp with rou-
tine forceps.

Baskets are useful for retrieving foreign bodies that are large and slippery [42—45].
The Dormia baskets come in various sizes and require a minimum working channel
of 2-2.8 mm depending on the size of the basket [46—48]. Baskets are usually made
of three to eight wires that are attached to a lead point. The basket is passed distally
to the FB and is opened just distal to the object. The basket is then withdrawn gently
and manipulated to entangle the FB within the wires of the basket. Once the object
is secured in the basket, the catheter is pulled to make it firmly hold the FB, which
is then retrieved together with the basket and the bronchoscope as a single unit. The
number of wires in the basket is determined by the size of the FB. Fewer wires are
generally needed for a large FB, while more wires are required for smaller foreign
bodies to prevent slippage. A fishnet basket has a mesh of thin wires that are attached
to a wire snare [1, 3]. The fishnet is used like a basket by placing the net distal to the
object. The net is manipulated gently to surround the FB that gets trapped in the
fishnet.

Cryoprobe The cryoprobes can also be used for retrieving airway foreign bodies.
The rigid cryoprobes are larger in size but are not stable and there is a tendency for
the objects to fall off. The flexible cryoprobes that are passed through the working
channel of the flexible bronchoscope are more commonly used. The cryoprobe is
generally suited best for organic foreign bodies with a large water content.
Occasionally, inorganic foreign bodies can also be removed after instilling saline
over the FB [49, 50]. After identifying the location of the FB, the cryoprobe is
advanced and contact is made at the centre of the FB avoiding any contact with the
surrounding bronchial tissue [35]. The cryoprobe is activated and after ensuring
cryo-adherence, the cryoprobe, the FB and the bronchoscope are withdrawn before
thawing occurs.
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Practical tips Before attempting to remove airway FB, proper selection of the
instruments must be done depending on the type of FB. For soft organic foreign
bodies, the use of rubber tip forceps, cryoprobe or the Dormia basket should be used
to avoid breakage of the FB. For inorganic foreign bodies, grasping forceps are
preferred. For large mucus plugs and blood clots, a cryoprobe is the best method.

What Is the Role of Rigid Bronchoscopy in Removal
of Airway FB?

Rigid bronchoscopy is an invasive technique for removal of airway FB [51]. It is
performed by introducing rigid barrels of various sizes [51]. The advantage of the
rigid bronchoscopy is that it secures the airways and enables ventilation during the
procedure. It is usually performed in the operating room under general anaesthesia
[32, 52]. A tracheobronchoscope of at least 11 mm internal diameter is used for
retrieving tracheobronchial foreign bodies in adults, while 3.5-5.5 mm barrels are
used in children. The use of a large-sized barrel enables the use of multiple instru-
ments (optical telescope, forceps, suction catheters, Fogarty balloon and others). In
children, generally an optical forceps is used to remove the FB. The rigid barrel is
placed in the trachea, and a flexible bronchoscope is then introduced through the
barrel of the rigid scope to perform complete examination of the tracheobronchial
tree. Once the FB is localized, it can be removed either using the rigid forceps or
with a flexible bronchoscope, as described above.

Rigid bronchoscopy is the preferred modality for removing airway foreign bod-
ies in children. In adults, the use of rigid bronchoscopy is limited to large foreign
bodies, foreign bodies with smooth margins and sharp foreign bodies and in situa-
tions where initial attempts to remove a FB using a flexible bronchoscope are unsuc-
cessful [1, 7]. It is also the preferred method where the presentation is with
respiratory failure.

The forceps used with the rigid scope are large and are enabled with the optics
(Hopkins telescope). The optical forceps with alligator jaws has a force-limited
handle and is used for grasping hard foreign bodies. The optical forceps with Killian
bean jaws is used for grasping peanuts and soft foreign bodies. The optical forceps
with 2 x 2 teeth is used for grasping coins and flat foreign bodies.

How Is a Metallic or an Inorganic FB Removed?

During flexible bronchoscopy, the sharp metallic foreign bodies including pins,
nails or screws are first mobilized and are held from the pointed end. The types of
forceps used include the grasping alligator forceps and the shark or the rat tooth
forceps. Once the FB is held from its pointed end, it is held firmly with the forceps
and is brought closer to the distal end of the bronchoscope in order to firmly secure
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the FB [53, 54]. It is important to hold the sharp FB by its pointed end; otherwise, it
may injure the airways or embed itself in the mucosa during extraction [1, 7]. In
case the FB is embedded in the bronchial mucosa, the object is held from its proxi-
mal end and is pushed down so that the sharp end becomes free, which is then held.
In any situation where damage due to the airway is contemplated with a sharp FB,
the procedure should be performed through an endotracheal tube or the rigid bron-
choscope. Once the sharp tip of the FB is brought into the endotracheal tube/barrel
of the rigid bronchoscope, the whole assembly can be removed en bloc as described
earlier.

Pen caps and plastic whistle are removed using larger forceps such as the rat
tooth or the shark tooth forceps [55-57]. Utmost care should be given while pulling
the scope as the FB may get impacted in the subglottic region. A long-standing FB
(a tooth or a denture) may result in stenosis or granulation tissue that may hinder
mobilization of the FB. In such a situation, argon photocoagulation (APC) or laser
may be used to remove the granulation tissue and the FB can be removed later [58,
59]. In case of bronchostenosis, a controlled radial expansion (CRE) balloon can be
used to dilate the stenosed segment and the FB can be removed [60-62]. The steno-
sis can also be negotiated by using electrocautery enabled knife. Once the FB is
visualized, a Fogarty balloon is passed distal to it and inflated. The balloon is then
gently pulled to bring the FB across the granulation tissue or the stenosed segment.
Once the FB is mobilized in the proximal airways, it is grasped with grasping for-
ceps and extracted en bloc.

A large smooth FB such as a office magnet or a glass FB requires the use of a
rigid bronchoscope. The FB is brought to the proximal airways and held with a large
optical alligator forceps. The FB is brought into the barrel of the rigid scope and
removed safely avoiding impaction of the large FB in the narrow subglottic region.
Occasionally, a large magnet cannot be grasped in forceps even during rigid bron-
choscopy. In such a scenario, the FB is first mobilized and brought to the proximal
large airways, and a magnet placed externally over the chest wall can be used to
mobilize the FB that can then be easily brought out [63].

Inorganic foreign bodies such as tablets and iron pills incite intense inflamma-
tory response and may get dissolved over time [1, 3]. In such a situation, the airways
should be examined thoroughly, and a short course of oral glucocorticoids insti-
tuted. Glucocorticoids resolve the inflammation and can enable removal of the FB
remnants during a subsequent procedure.

How Is an Organic FB Removed?

The organic foreign bodies include seeds, peanuts, nuts and vegetable matter. The
organic foreign bodies are more likely to cause inflammation and formation of gran-
ulation tissue. Also, the organic foreign bodies such as seeds, corn and others absorb
moisture and swell, thus causing a more complete obstruction. In such a scenario,
the foreign bodies are more difficult to mobilize. Soft and friable foreign bodies
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such as peanuts, nuts and vegetable matter disintegrate if excessive force is applied.
Here, the FB should be held gently using a rubber tipped forceps that would avoid
breakage of the FB. The friable foreign bodies can also be completely removed
using a cryoprobe. A large organic FB such as a seed can also be easily removed
with a cryoprobe due to high water content that enables cryo-adherence. In one such
instance, we were unable to remove a large organic FB (Terminalia chebula seed)
using the routine grasping forceps and the Dormia basket [35]. We then used the
cryoprobe to extract the large FB successfully [35].

What Are the Recent Advances in the Management
of Airway FB?

The main challenge in the management of foreign bodies is difficulty in locating the
FB in the distal subsegmental bronchi that are not visualized with the current equip-
ment. Thus, the advancement is likely to result from improvement in the broncho-
scopes and the localization of the FB techniques. The thinner bronchoscopes with
small external diameter (<3 mm) can reach up to the subsegmental bronchi and
enable removal of the foreign bodies [64]. The only caveat is the smaller working
channel that hinders the use of a larger forceps. However, once located, the FB can
be removed using combination of instruments such as Fogarty balloon, magnetic
extractor, fluoroscopic guidance and others [64]. Takenaka et al. described the use
of virtual bronchoscopic navigation in successful localization and removal of a sur-
gical gauge [65]. One report describes the use of electromagnetic navigation bron-
choscopy to remove a distal FB that was not visible during routine bronchoscopy
[66]. The use of electromagnetic navigation bronchoscopy not only enabled suc-
cessful removal of the FB but also avoided surgery [66]. One of the authors has
described the use of a ureteroscope for locating and removing the FB that was
placed distally and could not be visualized using the conventional broncho-
scope [67].

What Is the Efficacy of Flexible and Rigid Bronchoscopy
for Managing Airway FB?

There is no head-to-head comparison of rigid versus flexible bronchoscopy in
retrieving the airway FB. In a pooled analysis of studies describing the use of flex-
ible bronchoscopy in the management of airway FB in adults, flexible bronchos-
copy was successful in 90% of the cases [7]. The success of the procedure is highly
dependent on the operator’s experience and the availability of various instruments
required for FB removal [1, 5]. In a retrospective study, rigid bronchoscopy had a
significantly higher success rate in retrieving the airway FB compared to the flexible
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bronchoscopy (95% vs 40%). However, majority of their patients were <12 years
[6]. In another study, rigid bronchoscopy was successful in 92% of the cases [5]. A
yet another case series reported a success rate of 98% with rigid bronchoscopy
including six instances where flexible bronchoscopy was unsuccessful [12]. We
believe that flexible bronchoscopy should be the initial procedure of choice and
rigid bronchoscopy should be performed when flexible bronchoscopy has failed to
remove a FB.

How Is the Management of Foreign Body Aspiration Different
in Children Compared to Adults?

The incidence of foreign body aspiration is higher in children compared to
adults, especially in children less than 3 years old [68, 69]. The presentation of
airway FB is more often acute and generally associated with hypoxemia due to
smaller airway size [70]. The most common site for airway FB in children is in
proximal bronchi followed by the trachea [6]. Unlike adults, rigid bronchoscopy
is the preferred initial modality due to imminent risk of death and is more suc-
cessful than flexible bronchoscopy [6]. Flexible bronchoscopy is generally
reserved for children older than 12 years and in children where the history of FB
aspiration is not clear. The commonly used flexible scope in children is that with
an outer diameter of 4.2 mm, which has a working channel of 2 mm that allows
only selective instruments. Even with rigid bronchoscopy, there can be practical
issues. For example, due to small airways, only smaller-sized rigid scopes can
be used. This not only restricts the instruments that can be introduced for for-
eign body removal but may also result in difficulty in ventilation during the
procedure [71]. An important consideration during anaesthesia for foreign body
in children is to maintain spontaneous ventilation, especially for those with tra-
cheal FB. Theoretically, positive pressure ventilation may migrate a foreign
body in the airway and potentially convert a partial obstruction to a complete
obstruction.

Conclusion

In conclusion, airway FB is an important clinical problem that requires a high clini-
cal suspicion for early diagnosis and requires skill set, experience and teamwork for
successful management. In non-asphyxiating airway foreign bodies, flexible bron-
choscopy is the initial preferred modality to confirm and retrieve the FB. The use of
rigid bronchoscopy is limited to removal of foreign body in smaller children, in
management of asphyxiating foreign bodies and in situations where initial attempts
with flexible bronchoscopy have failed.
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Chapter 6
Management of Bronchopleural Fistula

Check for
updates

Normand R. Caron, Jeremy C. Johnson, and Satish Kalanjeri

Definition of Bronchopleural Fistula (BPF)

A bronchopleural fistula is a communication between a mainstem bronchus, a lobar
bronchus, and a segmental bronchus with the pleural space. This is quite different
from an alveolopleural fistula and its management is completely different. An alve-
olopleural fistula refers to a communication between the lung parenchyma at a level
distal to a subsegmental bronchus and the pleural space.

Risk Factors Associated with the Bronchopleural Fistula

Bronchopleural fistulas can occur from multiple causes. Some such causes include
underlying disease, lung abscesses, pneumonias with associated empyemas, and
major chest trauma. However, bronchopleural fistulas most commonly occur after
lung surgery. There is a 1-3% rate of developing a bronchopleural fistula after a
lobectomy and up to a 12% rate of developing a bronchopleural fistula after a
bilobectomy or a pneumonectomy. Empyemas after a pneumonectomy are associ-
ated with a bronchopleural fistula in 75-80% of the time [1]. Early bronchopleural
fistulas that arise after surgery usually occur within 14 days and are often attributed
to technical causes. Such causes include leaving a large diameter or long bronchial
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stump, performing an extensive dissection around the bronchial stump (lymph node
dissection), or leaving residual tumor at the bronchial margin.

Other factors also increase the risk of developing a postoperative bronchopleural
fistula and include older age at the time of surgery, previous ipsilateral chest sur-
gery, right side surgery, neoadjuvant chemotherapy and radiation therapy, and the
need for postoperative ventilatory support. In addition, patient-related causes
include malnutrition (low albumin), diabetes, chronic steroid use, and COPD (low
FEV,, low DLCO). Also, complications from adjuvant chemotherapy or radiation
therapy including ablative therapies can result in bronchopleural fistulas [2—4].

Benign causes include bacterial and fungal infections which can occasionally
extend to the pleural space creating a bronchopleural fistula.

At the time of pneumonectomy, there are technical considerations to which the
surgeon must strictly adhere. These include avoidance of bronchial stump devascu-
larization, avoiding tension on the suture line, ensuring the bronchial stump is short,
and obtaining clean margins if pneumonectomy is performed for a malignant etiol-
ogy [4]. Most surgeons usually cover the bronchial stump with viable tissue. This
includes surrounding tissue such as the pericardium, prepericardial fat, pleura, and
right azygos vein for right pneumonectomies. Also, mobilization of an intercostal
muscle or a pedicle of the diaphragm can be mobilized to cover the bronchial stump.
It is unknown whether bronchial stump coverage after pneumonectomy is benefi-
cial. The bronchial stump is usually covered with viable tissue in high-risk patients
[2, 5]. Postoperatively after pneumonectomy, ventilatory support is best avoided. If
this is needed, then the endotracheal tube should be guided into the nonoperative
mainstem bronchus to avoid barotrauma to the bronchial stump.

Clinical Presentation

Patients who develop postoperative bronchopleural fistulas can present with sud-
den, acute symptoms or with more gradual, subacute symptoms.

Acute symptoms of bronchopleural fistula can occur at any time but are usually
seen in the early postoperative period. The patient usually has a sudden onset of
severe dyspnea often with chest pain and hemodynamic instability. They may also
develop subcutaneous emphysema since the incision is still fresh. Should the bron-
chopleural fistula develop in the immediate postoperative period while the chest
tube is still present, the symptoms may be less severe with a large increase in the
chest tube air leak and the patient having some malaise.

Patients in whom bronchopleural fistulas occur later in the postoperative period
have usually been discharged from the hospital often present with fever, malaise,
and very productive cough that usually contains purulent material. They can present
in extreme distress if the nonoperated lung develops an aspiration pneumonia. This
is especially true if the operation was a pneumonectomy. Additionally, if a post-
pneumonectomy patient presents with hemodynamic instability from a tension
pneumothorax, then a bronchopleural fistula is almost always the cause.
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Diagnostic Studies

The diagnosis of a bronchopleural fistula requires astute clinical skills with a reli-
able history, imaging studies, and bronchoscopic evaluation.

Clinical decision-making requires noting the appearance of the patient, the
amount of distress he/she is having, the appearance of the incision and the surround-
ing skin, the symmetry of the chest during respiration, and any changes in voice or
diaphoresis. On examination, the patient often will have some fever, tachypnea,
tachycardia, and perhaps hypotension. There may be some subcutaneous emphy-
sema along the chest wall or around the base of the neck. On auscultation, the breath
sounds are often reduced on the affected side and crackles may be heard on the
nonoperated side.

Definitive diagnosis includes lab work especially a CBC with differential and
a chest radiograph (Fig. 6.1). The chest radiograph is especially useful in a post-
operative patient if compared to a previous postoperative chest x-ray. If the patient
had a pneumonectomy and the postoperative chest x-ray showed a pleural cavity
that was completely opacified with pleural fluid but now has an air fluid level,
then the formation of a bronchopleural fistula is most likely the cause. The non-
operative lung can also be assessed for possible contamination from the broncho-
pleural fistula (Fig. 6.1). Sometimes pneumomediastinum and subcutaneous
emphysema can be visualized on a posteroanterior and lateral chest x-ray. A bet-
ter imaging study is a computerized tomography scan (CT scan) of the chest
(Fig. 6.2). This imaging study is often performed with coronal and sagittal refor-
matting and can detect any shift of the mediastinum and any subcutaneous and

Fig. 6.1 Portable chest
x-ray showing
contamination of the right
lung in a 72-year-old
postpneumonectomy
patient who developed a
left bronchopleural fistula
that has just been drained
by tube thoracostomy
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Fig. 6.2 CT scan of the
chest after right upper
lobectomy demonstrating a
bronchopleural fistula
involving the right upper
lobe bronchus in a
63-year-old cancer patient

mediastinal emphysema. It can also localize the site of the bronchopleural fistula
where there is communication between the pleural space and the main airway
(Fig. 6.2). It may also demonstrate bubbles within the pleural fluid indicating an
infection within the pleural cavity.

Once a postoperative empyema that contains a bronchopleural fistula is con-
firmed, then the next immediate steps are beginning intravenous broad-spec-
trum antibiotics, laying the patient onto the operative side to protect the
contralateral lung, placement of a chest tube into the empyema for immediate
drainage, and obtaining cultures. This is especially crucial in a postpneumonec-
tomy with bronchopleural fistula. The next steps in management depend on the
time since the surgery and the development of the empyema. Also, the size of
the bronchopleural fistula and the clinical status of the patient will impact what
follows next.

If the patient is stable enough, fiber-optic bronchoscopy should be performed on
any patient suspected of having a bronchopleural fistula. This is most important in
assessing the site of the fistula as well as its size. It can also assess the noninvolved
lung for possible contamination. Cultures can also be obtained during bronchos-
copy. If there is a long bronchial stump, its length can be estimated. Sometimes, the
fistula is small and difficult to detect. Other times, the opening of the bronchopleural
fistula cannot be detected upon direct visualization of the surgical site. It may be
detected by instillation of normal saline and observing for bubbling. If the patient
has a chest tube in the pleural space, sequential balloon occlusion may show stop-
page of the air leak seen in the collection system’s bubble chamber. This can help
locate the site of the bronchopleural fistula. If the bronchopleural fistula can be seen
on bronchoscopy, then an assessment can be made as to whether the patient will
require surgical exploration and repair or whether it can be treated nonoperatively
or by interventional bronchoscopy.
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Initial Management of Bronchopleural Fistulas

The initial approach to the management of a patient with a bronchopleural fistula
depends a lot on the experience of the thoracic surgical team and the interventional
pulmonary team. Usually, a multidisciplinary team approach offers the best chance
for success in treating this morbid and often fatal condition. Most patients require
surgical closure of the bronchopleural fistula while at the same time undergoing
chest debridement and covering the repaired bronchus with viable tissue. This is
often the case if the patient has had recent surgery within the past 2 weeks. The
viable tissue usually consists of intercostal muscle, but extrathoracic muscle such as
the serratus anterior or the latissimus dorsi [6]. Also, a pedicle of the diaphragm can
be used as well as omentum when other chest wall muscles are not usable. These
patients need to be hemodynamically stable and able to tolerate a reoperation.

Patients who present with a bronchopleural fistula and are not candidates for
immediate surgical repair because of hemodynamic instability, sepsis, and shock or
they require ventilatory support need to be temporized until their condition is
improved enough to tolerate reoperation. This is usually done in an ICU setting
where a chest tube is placed in the empyema to drain it, cultures are obtained, and
broad-spectrum antibiotics are started. Inotropic and ventilator support are also
started if needed. If the patient has had a pneumonectomy and requires intubation,
the endotracheal tube should be guided into the remaining mainstem bronchus to
avoid ventilating the mainstem bronchus with the bronchopleural fistula. Once the
cultures are known, the antibiotics can be tailored to the causative bacteria.

Patients who are not well enough to go directly to the operating room for debride-
ment of the pleural cavity and bronchial stump revision with viable tissue coverage
and chest closure will require a staged procedure with an open window
thoracostomy.

Surgical Repair of Bronchopleural Fistulas

If the patient recovers well enough to tolerate surgery, then he should be taken to the
operating room for debridement of the pleural cavity, suture closure of the broncho-
pleural fistula, and covering the stump with omentum or viable muscle. Instead of
closing the chest, the patient will require either packing the chest with dilute
povidone-iodine or 1/4 strength Dakin’s soaked gauze packing through an open
window thoracostomy (Clagett procedure) or placing a wound VAC within the pleu-
ral space [4, 7-9].

The surgical repair usually involves a redo thoracotomy or a VATS procedure.
Usually, a thoracotomy is preferred for thoroughly debriding the pleural space.
Also, suture repair of the bronchopleural fistula can be difficult. It requires dissect-
ing the bronchus for repair while at the same time avoiding any injury to the nearby
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main pulmonary artery. This is especially true for postpneumonectomy broncho-
pleural fistulas. Also, if viable tissue is to be used to reinforce the repair site, then
muscle or omentum needs to be mobilized and placed within the pleural cavity.

After the pleural cavity is well debrided and the bronchopleural fistula is repaired
and covered with viable tissue, the pleural cavity is packed with either antibiotic or
antimicrobial gauze through an open window thoracostomy or wound VAC sponges
are placed within the chest cavity and the chest wall remains partially open while
the wound VAC is placed to 125 mmHg suction. The antimicrobial packing or the
VAC sponges are usually left for 3 days while attempts are made to extubate the
patient. The affected pleural cavity is usually well stabilized by the packed dress-
ings or the wound VAC until the next dressing change. This is usually preplanned
for the third postoperative day. The patient is returned to the operating room and the
dressings or wound VAC sponges are removed with care not to dislodge or damage
the viable tissue covering the bronchial stump. Our group no longer favors the use
of antibiotic or antimicrobial chest packings with a Clagett window unless there is
a large air leak that prevents the use of a wound VAC. Instead, we prefer using a
wound VAC and the reason for this is because the wound VAC promotes granulation
tissue formation, contracts the size of the pleural space, requires a lesser number of
operative debridement, usually shortens the hospital stay, and allows the patient to
be discharged with the wound VAC. The patient can return twice a week for wound
VAC changes. These can even be performed in a procedure room once the patient
has had several wound VAC changes and less extensive pleural debridements are
required [9].

Once the pleural cavity exhibits good granulation tissue throughout, a decision is
made to close the chest wall. The antibiotic solution used to fill the pleural space
when closing the chest after removal of the wound VAC sponges is the solution
derived from the Clagett procedure. It is an antibiotic solution composed of 500 mg
of neomycin, 100 mg of polymyxin B sulfate, and 80 mg of gentamicin in 1 liter of
normal saline.

After filling the entire pleural cavity with the antibiotic solution, the chest wall
closure needs to be watertight to prevent any loss of the antibiotic solution from the
pleural cavity [7].

Other methods of obliterating the pleural space include transposition of extratho-
racic muscle into the pleural space, mobilization of omentum into the pleural cavity,
or performing a thoracoplasty. Thoracic surgeons are usually adept at mobilizing
intercostal muscles or the serratus anterior muscle and using it to cover the bron-
chial stump. It also helps to fill in the residual space if there is remaining lung within
the pleural cavity. When it comes to obliterating the entire pleural space after a
pneumonectomy, it is wise to have the assistance of a plastic surgeon to mobilize
large muscle flaps that have a narrow pedicle and excellent blood supply [9]. This
allows placement of large muscles within the pleural cavity.

The transposition of omentum from the abdomen into the chest also brings a
large amount of viable tissue into the pleural space. However, it requires a separate
laparotomy to mobilize the omentum and with this comes the inherent risk of con-
taminating the abdominal cavity with the empyema.
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Thoracoplasty is still a viable option, whereby large portions of ribs are removed,
and the overlying soft tissues of the chest wall are allowed to fill in the residual
space in the chest. This was more common in the days when tuberculosis was more
prevalent and when there was no effective antibiotics to treat the disease. However,
thoracoplasty has fallen out of favor and most younger surgeons have never seen or
performed a thoracoplasty [10, 11].

Nonsurgical Treatment of Bronchopleural Fistulas

For smaller bronchopleural fistulas, usually less than 8 mm, nonsurgical therapies
can be tried to close the bronchopleural fistula. If the bronchopleural fistula is small
and well drained with not much soilage of the pleural space, then the fistula could
heal on its own. However, most specialists prefer using bronchoscopic therapies to
try to close the fistula or at least reduce the air leak and pleural soilage with occlu-
sive materials such as fibrin glue. Sometimes, this can be done to allow the patient
to recover from the sepsis and to be liberated from the ventilator and allow the
patient to become an operative candidate. Larger bronchopleural fistulas greater
than 8 mm can also be treated by interventional bronchoscopy with covered airway
stents, spigots, fibrin glue, blood patch, Amplatzer device, or endobronchial valves
[12, 13].

Endobronchial Valves

The most widely used bronchoscopic modality in managing BPF is the use of endo-
bronchial valves (EBV). Two types of valves are currently approved by the US Food
and Drug Administration (FDA) for bronchoscopic lung volume reduction. These
are the umbrella-shaped Spiration valve (Olympus, USA) and the duckbill-shaped
Zephyr valve (Pulmonx Corporation, USA). However, as of writing of this book,
only the Spiration valve has been approved by the FDA for management of pro-
longed air leak under a Humanitarian Use Device (HUD) exemption. The FDA-
approved indication for use of this device is to control prolonged air leaks of the
lung, or significant air leaks that are likely to become prolonged air leaks, following
lobectomy, segmentectomy, or lung volume reduction surgery (LVRS). An air leak
present on postoperative day 7 is considered prolonged unless present only during
forced exhalation or cough. An air leak present on day 5 should be considered for
treatment if it is (1) continuous, (2) present during normal inhalation phase of inspi-
ration, or (3) present upon normal expiration and accompanied by subcutaneous
emphysema or respiratory compromise. The Spiration valve system use is limited to
6 weeks per prolonged air leak.

The Spiration valve is an umbrella-shaped device which is designed to prevent
air from flowing through the airway within which the valve is placed. The design
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allows for air and secretions to be relieved from the segment of the lung beyond the
valve. The procedure involves use of a balloon such as Fogarty catheter to occlude
lobar bronchi of the affected lung until the air leak diminishes or stops (Figs. 6.3 and
6.4). This is typically easy in the case of a BPF as the target lobe is usually identifi-
able on a CT scan as opposed to persistent air leak after spontaneous pneumothorax.
Upon identifying the target lobe, segmental airways are occluded to identify if a
particular segmental or subsegmental bronchus is responsible for the air leak. Once
a target airway is identified, the sizing catheter is used to measure airway diameter
and choose an appropriately sized valve. The valves come in various sizes (5 mm,
6 mm, 7 mm, 9 mm). In our experience, the 9 mm valve is the most often used
because of its ability to occlude a segmental bronchus which obviates the need to
use multiple valves in subsegmental bronchi. The valve is deployed using a dedi-
cated deployment catheter (Figs. 6.5 and 6.6). Early data suggested use of four to six
valves per patient, but this number is lower with the availability of the 9 mm valve.
Complications include granulation tissue, pneumonia, empyema, and bleeding upon
removal of the valve(s). Although ipsilateral pneumothorax is a common complica-
tion with EBV after bronchoscopic lung volume reduction, the presence of pre-
procedural pneumothorax and chest tube in patients with BPF makes it challenging
to determine if this occurs in these patients.

Fig. 6.3 Fogarty balloon
catheter positioned within
a segmental bronchus

Fig. 6.4 Fogarty balloon
inflated to occlude
segmental bronchus to
isolate the location of

air leak
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Fig. 6.5 Valve deployment
catheter positioned in a
segmental bronchus just
before valve insertion

i

Fig. 6.6 Endobronchial
valve position immediately
after deployment

In a multicenter experience with cases sourced from eight centers, Gilbert et al.
[14] studied the efficacy of EBV in 75 patients. Twenty-five percent of the cases
were post-surgery. One hundred percent success in resolution in air leak was noted
in patients with persistent air leak after surgery and 58% success in patients with
other causes. The median time to resolution of air leak in BPF after surgery was
10 days, and 15 days after secondary spontaneous pneumothorax. Two patients suf-
fered complications related to EBV use — empyema and contralateral pneumotho-
rax. It is anticipated that both Spiration and Zephyr valves will receive full FDA
approval for persistent air leak management in the foreseeable future.
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Refractory Patients

There are some patients who are not candidates for surgery, are in an unstable con-
dition, and have had previous unsuccessful attempts at treating their bronchopleural
fistula or in whom the bronchopleural fistula cannot be closed or eliminated. Their
air leak will continue for many months. These patients can be treated on a long-term
basis with an open window thoracostomy. This can be either an Eloesser flap or a
Clagett window with daily packing of the chest cavity. A wound VAC will not work
if the bronchopleural fistula is not closed.

Eloesser Flap

An Eloesser flap is a surgical procedure that allows chronic drainage of the pleural
cavity by creating an opening in the chest wall that will remain open. It usually
involves making a U-shaped incision down to the chest wall to create a tongue flap,
partial resection of two ribs, folding the tongue flap into the pleural cavity, and sew-
ing it to the parietal pleura to create a permanent open window. This open window
can be used to irrigate the pleural cavity or to pack it. If the window is small and the
space still has some remaining lung, then it can heal spontaneously with granuloma-
tous tissue. However, these spaces are often too large to heal spontaneously and
usually require the transposition of a myocutaneous flap to fill in the space and close
the defect. The benefit of an Eloesser flap is that the communication between the
pleural space and the chest wall will remain open permanently. This allows control
of the infected space for long periods of time [15].

Clagett Window

A Clagett window (Figs. 6.7 and 6.8) is also an opening in the chest wall with partial
resection of a posterolateral lower rib but is intended to be temporary and allows
irrigation and packing of the pleural space until the pleural cavity is sufficiently
debrided. Antimicrobial packings are performed daily. This mechanical action
debrides the pleural space. At some point, the packings can be changed to normal
saline wet-to-dry gauze. When the pleural space demonstrates good granulation tis-
sue throughout the pleural cavity, closure of the chest wall can be attempted by
instillation of an antibiotic solution. For this, we use the original Clagett solution
mentioned above [7]. This has an approximately 80% success rate. If it should fail,
one may consider mobilizing extrathoracic muscle to place within the chest
cavity [6].
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Fig. 6.7 Malnourished
64-year-old man with a
MAC complex and fungal
ball within the pleural
cavity

Fig. 6.8 After resection of
right upper lobe MAC
complex. Clagett window
with packing was required
to sterilize the pleural
space that had a persistent
air leak

Prognosis

Overall, a significant amount of morbidity and mortality is associated with broncho-
pleural fistulas. According to Bribriesco and Patterson [4], pneumonectomy by
itself carries a morbidity of greater than 50% and a mortality of 5-7%. They also
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state that in the setting of postpneumonectomy empyema, bronchopleural fistulas
are present in 60—80% of patients, and the mortality rates range from 21% to 71%.

Summary

Operative management remains the gold standard definitive management of
BPF. However, with the advent of bronchoscopic interventions particularly EBV,
minimally invasive procedures offer an attractive alternative when surgery is not
possible or deemed high risk.
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Chapter 7
Management of Acquired
Tracheoesophageal Fistula in Adults

Danai Khemasuwan and David Griffin

Introduction

Tracheoesophageal fistula (TEF) is defined as a pathologic connection between the
airway and the esophagus, leading to a spillover of oral and gastric secretions into
the respiratory tract [1]. TEF is classified into two main categories: congenital and
acquired. Congenital TEF is frequently associated with esophageal atresia (EA),
which was first described by Thomas Gibson in 1697 [2]. Since then, the diagnosis
and surgical repair techniques for correction of a congenital TEF have been well-
established, resulting in a significant improvement in its outcomes. Meanwhile,
acquired TEF is further divided into malignant and benign categories. Approximately
half of acquired TEF are caused by malignancies [1]. The most common cancer
associated with malignant TEF is esophageal cancer, with more than 10% of patients
developing the condition during the clinical course [1, 3]. The most common pre-
sentations of a TEF are respiratory distress, dysphagia, and recurrent lung infec-
tions, with the magnitude of symptoms largely dependent on the size and location
of TEF. The management of TEF requires a prompt multidisciplinary approach
including interventional pulmonology (IP), gastroenterology, and thoracic surgery
[4]. Surgical correction can be considered in certain instances, particularly with
benign fistulas, but less invasive management strategies are often pursued. This
often involves placement of stents but alternative approaches with new devices and
technologies have emerged in the past years. This chapter describes the available
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data on risk factors, clinical manifestations, diagnostic approaches, management
algorithm, traditional and novel management methods, and prognosis of
acquired TEF.

Etiology and Risk Factors

Benign TEF occurs in tracheobronchial injury from blunt trauma to the chest or the
neck, traumatic airway injury, prolonged intubation, traumatic intubation, injury
from tracheostomy tubes, granulomatous mediastinal infections, stent-related inju-
ries, and ingestions of foreign body or corrosives [5]. In the past, the most common
cause of acquired benign TEF was from granulomatous mediastinal infections such
as tuberculosis. However, more recently, the most common etiology is iatrogenic
from cuff-related injury from prolonged intubation and injury from a tracheostomy
tube [4]. As the mechanism of injury stems from pressure necrosis from the cuff,
tracheostomies do not reduce the incidence of acquired TEF when compared to
endotracheal tubes, given the similar mechanism of injury. Predisposing conditions
such as diabetes, prior airway infections, use of steroids, and the presence of naso-
gastric tubes also increase the risk of TEF formation [6].

On the other hand, malignant TEFs are found in a setting of cancers arising from
the esophagus, trachea, lungs, larynx, and thyroid. In one of the largest case series
of malignant TEF involving 207 patients, 77% was attributed to primary esophageal
cancer and only 16% to primary lung cancer [7]. Given the anatomic proximity of
the upper and middle esophagus to the posterior wall of the trachea and the left
mainstem bronchus, tumors originating from the esophagus can readily invade into
the nearby airways. In malignant TEF, the size will grow over time due to the com-
bination of recurrent aspiration injuries, corrosive injuries from gastric acid, pool-
ing of respiratory and gastric secretions, and poor tissue healing particularly from
concurrent steroid use or cancer treatment with radiation or chemotherapy. One of
the clinical challenges in the management of a TEF is that the fistula can form due
to both cancer progression and cancer treatment. When the tumor cells bridging the
structures necrose, usually because of treatment with chemotherapy or radiation
therapy, then the void of the tumor cells creates a communication, a fistula, between
the aerodigestive tracts. A “clean-edge” airway wall defect can be observed in this
setting, and the biopsies are often negative for any malignancies. Choi et al. reported
that out of 52 patients with TEF and esophageal cancer, 28.8% of cases were thought
to be related to the treatment of cancer rather than the progression of cancer [9].
Furthermore, Balazs et al. found that the latency from the initial radiation therapy to
the detection of TEF was approximately 4.4 months (range, 1-13; SD, 2.98; ClI,
3.5-5.4) [8]. This highlights the need for close monitoring for patients undergoing
cancer treatment, especially 3—6 months after the initial cancer treatment.
Endoscopic examination is warranted if patients become symptomatic or if clini-
cians have high suspicion based on radiographic findings. Similarly, stents have
been associated with TEF formation. The incidence of esophageal stent-related TEF
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is estimated to be 4% with a median latency of 5 months (range 0.4—53 months)
after the placement of the stent [10].

Clinical Manifestations

Patients with TEF can have varying clinical presentations, depending on such fac-
tors as the rate of its formation, size, location, patient comorbidities, and nutritional
status. In a case series involving over 200 patients by Burt et al., symptoms and
signs were cough (56%), aspiration (37%), fever (25%), dysphagia (19%), pneumo-
nia (5%), hemoptysis (5%), and chest pain (5%) [7]. Ono’s sign (worsening cough
with swallowing solid/liquid) was present in 81% of patients with known TEF,
though it is neither sensitive nor specific [11]. The average time for malignant TEF
from onset of symptoms to detection is approximately 7.3 months (range
1-58 months; SD 4.25; CI 6.5-8.1). The onset of symptoms from benign cases is
more variable, ranging from 5 to 15 days for traumatic causes to 21-30 days for
iatrogenic cuff-related injuries [8] (Table 7.1).

In sedated and ventilated patients, TEF should be suspected if a continuous air
leak in the ventilator circuit is detected despite a well-inflated cuff. Other signs such
as abdominal distension, bloating, loss of ventilator tidal volume, worsening oxy-
genation, recurrent pulmonary sepsis, and repeated failures to wean can be observed.
As TEF is unlikely to spontaneously heal and will eventually lead to respiratory
complications and death, a prompt risk stratification and diagnostic efforts should
be made.

Diagnostic Evaluation

The diagnosis of TEF is made by a combination of thoracic imaging studies and
endoscopy — both flexible bronchoscopy and upper endoscopy if possible. An initial
investigation of respiratory symptoms with a chest radiograph is a reasonable
approach. Depending on the duration of symptoms, early findings of bibasilar infil-
trates to more defined basilar consolidative changes can be seen. In addition to
aspiration-related changes, the etiology of TEF may be apparent on initial radio-
graphic evaluation such as a lung mass or an over-inflated cuff of endotracheal/

Table 7.1 Time course of symptoms of Causes Time (days)
acquired benign TEF Surgical 5
Ischemic/traumatic 5-15
Local infection 15-21
Tracheal cuff-related injury 21-30
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tracheostomy tube. Although there are no formal guidelines, most experts agree that
esophagogram and endoscopy are necessary to diagnose the disease and to perform
preoperative planning. Esophagogram is performed preferentially with barium,
given its favorable physiologic profile compared to gastrografin. The latter has been
associated with pulmonary edema and death due to its hypertonic nature [12]. In the
presence of TEF, the oral contrast will traverse through the fistula and will be visual-
ized in the airways at the time of esophagogram (Fig. 7.1). The contrast-enhanced
esophagogram demonstrates the defect in approximately 70% of patients with TEF
[13]. The study is not ideal for patients who are not able to swallow the contrast
such as those who are sedated and/or ventilated. In these patients, computed tomog-
raphy (CT) scan of the chest can be performed to evaluate for signs of fistula,
aerodigestive tract anatomy, and mediastinal pathology. There are no available data
assessing the sensitivity, specificity, negative predictive value, and positive predic-
tive value of CT scans in settings of known TEF.

Fig. 7.1 Esophagogram
showing the contrast leak in
right upper lobe airways
(arrowhead). (Reproduced
with permission of the © ERS
2021: European Respiratory
Review 29 (158) 200094;
DOI: https://doi.org/
10.1183/16000617.0094-2020
Published 5 November 2020)
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Once the thoracic imaging confirms the presence of TEF, the next step in evalu-
ation is to assess the anatomy further via upper endoscopy and bronchoscopy.
Endoscopic visualization allows for better localization, characterization, and poten-
tially treatment of the TEF (Figs. 7.2, 7.3, and 7.4) and can be performed with
moderate sedation or general anesthesia. Direct visualization can be difficult in the
setting of a mucosal inflammation, edema, and gastric debris, which can obscure a
small TEF. Gentle maneuvers with the tip of the endoscope with judicious suction-
ing can dislodge debris, froth, or gastric content, leading to an improved visualiza-
tion of the obscured TEF. Similarly, a flexible or a rigid bronchoscope can be used
to express purulent material or dislodge spilled gastric contents in the airways to
improve the visualization in the respiratory tract. For patients with poorly visualized
fistula due to its size, location, or mucosal debris, an administration of methylene
blue via oral route or feeding tube at the time of an endoscopic evaluation can be

Fig. 7.2 Massive pneumomediastinum and subcutaneous emphysema from tracheoesophageal
fistula. (Courtesy of Harpreet Singh Grewal MD. Reproduced with permission of the © CHEST
2021: Chest 2019 Mar;155(3):595-604. doi: https://doi.org/10.1016/j.chest.2018.07.018. Epub
2018 Jul 27)

Fig. 7.3 (Left) Bronchoscopic view of the TEF at the posterior wall of proximal right bronchus
intermedius; (Middle) esophageal endoscopic view of the same TEF showing the fistula and muco-
sal abnormalities; (Right) TEF closure utilizing Alloderm (*) and self-expanding metallic stent in
the trachea. (Reproduced with permission of the © ERS 2021: European Respiratory Review 29
(158) 200094; DOL: https://doi.org/10.1183/16000617.0094-2020 Published 5 November 2020)
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Fig. 7.4 A case of malignant tracheoesophageal fistula (TEF) from metastatic esophageal cancer
after radiation treatment followed by esophageal self-expandable metallic stent placement: (a)
computed tomography scan of the chest showing TEF (arrowhead) at the level of proximal end of
the esophageal stent, (b) bronchoscopic view showing mucosal abnormality obscuring the view of
the fistula at the posterior wall of the trachea. (¢) A close-up bronchoscopic view of TOF; the
esophageal sent can be seen at the bottom of TEF (arrowhead). (d) A case of iatrogenic TOF: clo-
sure with Alloderm (*) and covered, self-expandable metallic stent in the trachea. (Reproduced
with permission of the © ERS 2021: European Respiratory Review 29 (158) 200094; DOI: https://
doi.org/10.1183/16000617.0094-2020. Published 5 November 2020)

helpful in the identification of TEF [14]. There is a small risk of serotonin syndrome
with methylene blue in patients on certain medications, particularly serotonin reup-
take inhibitors (SSRIs), like fluoxetine, paroxetine. If the patient is intubated with
an endotracheal tube for the procedure, maneuvering the tip of the ETT should be
carried out to allow for a complete visualization of the airway during the broncho-
scopic exam. Endoscopic and/or bronchoscopic biopsies of the lesions should be
considered to investigate the underlying etiology of TEF. The information obtained
may be helpful for further management and/or palliative care discussion.
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Location of TEF

The location of TEF depends on the etiology and the nature of the inciting injury.
For iatrogenic TEFs from cuff-related injuries, the defect will occur in mid- to distal
trachea corresponding to the location of the cuff. Most traumatic TEFs are the
results of motor vehicle accidents and occur mostly at the level of the carina where
the chest wall suffers a forceful crushing injury while striking the steering wheel.
The location of TEFs caused by inhalation injuries, aspiration of toxic chemicals,
and mediastinal infections are less well defined.

The location of malignant TEF largely depends on the location of the primary
tumor. From a study by Burt and colleagues [7] investigating patients with malig-
nant TEFs that were mostly due to esophageal cancer (77%), the airway location of
the fistula was the trachea in 110 (53%), left main bronchus in 46 (22%), right main
bronchus in 33 (16%), multiple sites in 5 (2%), and bronchopleural fistula (BPF) in
13 (6%). Another study by Balazs and colleagues [8] who looked at patients with
esophageal cancer with concurrent TEF showed similar trend with the fistula in the
trachea/carina in 120 (46%), right main bronchus in 118 (45%), left main bronchus
in 22 (8%), and distal airways in 4 (2%) of patients. The difference in these two
studies is likely related to patient population and proportion of patients with esopha-
geal cancer, but the two studies highlight the consistent relationship between esoph-
ageal cancer and fistula development in the trachea.

Management

Preoperative Management

The management strategy for TEF should consider multiple aspects of the disease,
which includes identifying the underlying etiology, patient comorbidities, nutrition
status, and goals of care. Prior to undertaking therapeutic interventions, it is crucial
to determine and treat the underlying condition implicated in TEF formation. The
general principle of preoperative management is to treat complications arising from
the anatomic deformity while addressing modifiable risk factors of fistula forma-
tion. The most worrisome complication is soiling of the respiratory tract, leading to
pneumonitis and ultimately respiratory sepsis. Patients should be made NPO, and
gastric acid-suppressive therapy should be used to decrease the acidity and the vol-
ume of gastric acid. Patient positioning with the head of the bed elevated to 45° or
greater, strict limitation of oral intake, and frequent oral suctioning are used in con-
junction with the pharmacologic therapy. For ventilated patients, the endotracheal
tube can be advanced to position the cuff distal to the fistula to prevent soiling of the
respiratory tract. Nasogastric and orogastric tubes should be removed to prevent
propagation of the pressure necrosis around the fistula, especially in intubated
patients. Placement of gastrostomy tubes for evacuation of residual gastric contents
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and jejunostomy tubes for enteric feeding can also be considered in appropriate
clinical circumstances.

Intraoperative Management

The key principles of intraoperative management parallel the key concepts of pre-
operative management. It is crucial to consider the aerodigestive tract anatomy and
the location of TEF to formulate strategies to minimize spillover of gastric contents
into the respiratory tract. As the fistula must be visualized for the bronchoscopic
treatment of TEF, the tip of endotracheal tube is positioned proximally to the TEF,
thus potentially exposing the respiratory tract to gastric contents. Aggressive suc-
tioning via flexible bronchoscope or a suction catheter through the rigid broncho-
scope is usually sufficient to clear the gastric spillover in the airways and can result
in improved visualization.

During endoscopy, care must be taken to overdistension of the stomach via posi-
tive pressure ventilation causing gastric spillover, and with esophagoscopy, a poten-
tially unique respiratory complication can also occur. Depending on the size and the
location of the fistula, the insufflated air from the endoscope can traverse into the
airway, leading to increased airway pressures, ineffective ventilation, and parenchy-
mal barotrauma. Prompt communication between the endoscopist and the anesthe-
siologist is of the utmost importance in minimizing complications during the
procedure.

Stenting Strategy in TEF

There are two clinical circumstances that stents can be utilized: bridging benign
TEF to definitive surgical therapy and palliating symptoms of a malignant TEF such
as aspiration, dysphagia, worsening respiratory status, and improving poor nutri-
tional status. In general, benign TEF is more amenable for a definitive surgical inter-
vention due to the nature of the injury and better nutritional status. However,
cardiopulmonary instability may prohibit definite surgical intervention, and may
require medical optimization, and in extreme circumstances, extracorporeal device
therapy can be used to stabilize pulmonary function and hemodynamics. In contrast,
patients with malignant TEF are frequently malnourished and usually are undergo-
ing treatment with chemotherapy and/or radiation, making them poor surgical can-
didates. Minimally invasive endoscopic procedures including stenting are typically
preferred in these cases to improve nutritional status while preventing further com-
plication from pneumonia and sepsis.

The main endoscopic technique to manage a TEF is esophageal and/or airway
stenting with the goal to seal the fistula and prevent the spillover to the respiratory
tract [15]. Most of the stents are cylindrical in shape, which allow them to exert
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Fig. 7.5 Management algorithm for acquired tracheoesophageal fistula (TEF). (Reproduced with
permission of the © ERS 2021: European Respiratory Review 29 (158) 200094; DOI: https://doi.
org/10.1183/16000617.0094-2020 Published 5 November 2020)

radial force in the lumen when fully deployed. Thus, oversized stents can stretch the
lumen with their expansile radial forces, resulting in an enlargement of the fistula,
thus decreasing the possibility of healing. Therefore, stent placement is generally
considered a palliative measure that may increase the quality of life, but it may not
promote healing of a fistula [15]. In patients with a malignant TEF, stent placement
is considered the treatment of choice based on poor prognosis with a mean survival
expectancy between 1 and 6 weeks [16]. The management algorithm of TEF is
showed in Fig. 7.5. The type of the stent, quantity of stent, and location of stent are
very important decisions that clinicians must make, and the strategy will be
reviewed here.

Single Esophageal Stenting

Esophageal stenting is a good option to seal the fistula in the middle-to-lower sec-
tion of esophagus, especially in patients without known airway stenosis. This ratio-
nale is due to the potential of the esophageal stent to cause an airway obstruction via
extrinsic compression and/or fistula formation. In addition, the esophageal wall is
quite pliable which allows the wall to conform to the cylindrical shape of stent. The
choice of esophageal stent for malignant cases is generally self-expandable metallic
stents (SEMSs) over other available stents such as self-expandable plastic stents or
biodegradable stents. This is due to overall durability, availability, and well-
established efficacy in a wide variety of malignant esophageal diseases. When com-
paring covered SEMSs with uncovered SEMSs, the covered stents showed increased
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resistance to tumor ingrowth but had higher migration rates [17, 18]. For benign
cases, self-expandable plastic stents are generally used given their ease of retrieval —
as stenting for benign TEF cases is used as a bridge to definitive surgery [19]. For
sizing, an endoscopic balloon dilator in the esophagus can be used to approximate
the appropriate diameter to aid in the stent selection. Known complications from
esophageal stenting are extrinsic airway compression, bleeding, esophageal perfo-
ration, and, paradoxically, the formation of new TEF [20]. For patients at high risk
for airway obstruction from the extrinsic compression by the esophageal stent
placement, concomitant airway and esophageal “double” stenting should be consid-
ered under selected circumstances.

Single Airway Stenting

There are two main types of airway stents that are available in the United States:
silicone and metallic stents. In patients with TEF, the use of self-expandable
metallic stents (SEMSs) is generally preferred, owing largely to their ease of
deployment, robust radial expansile forces, and the ability to achieve better appo-
sition to the airway mucosa. They can be placed both with a flexible or rigid
bronchoscope using a guidewire/fluoroscopy and under a direct visualization and
can be deployed in technically difficult locations compared to silicone stents. One
of the advantages of SEMSs over silicone stents is the ease of rapid revision
immediately after the deployment, though this can depend significantly on the
experience and technical skills of the bronchoscopist. As mal-positioned stents
can obstruct the airways and cause further damage to the fistula or nearby struc-
tures, the ability to revise the stent placement is crucial. In addition, SEMSs
achieve better apposition with the airway wall, which may lower the incidences of
migration [21]. However, SEMSs have less durability by design which can lead to
metal fatigue and stent fracture. This durability is less of a concern in malignant
TEF, as these patients rarely outlive the stent and develop this complication.
Overall, SEMSs are more favorable profiles in malignant TEF, evidenced by a
study by Wang et al. demonstrating a 71% complete closure rate in patients with
malignant TEF [22].

In contrast, silicone stents are available in different configurations: straight and
Y-stents. Silicone stents have studs on external surfaces which are designed to pre-
vent migration and reduce mucosal ischemia [23]. However, these studs may pre-
vent a complete apposition to the airway wall, thus making it difficult to obtain a
seal overlying the TEF. In the management of benign TEFs, silicone stents may be
favored due to better durability compared to SEMSs. Due to the C-shaped airway
anatomy and dynamic motion during the respiratory cycle, airways do not conform
to the “one size fits all” principle, and the choice to use a particular stent should be
individualized. The comparison between SEMSs and silicone stent is showed in
Table 7.2.

The ideal indication of single airway stenting is for TEF in the proximal trachea
where the esophageal stent placement can be technically challenging. This can be
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Table 7.2 A comparison of airway stents used for TEF management

Self-expandable metallic stent Silicone stent
Advantages Advantages
Easy to deploy Durability
Less stent migration Customizable
Better apposition/sealing with airway wall Easy to revise and remove
Disadvantages Disadvantages
Complications include membrane damage or dislocation, Outer studs may affect the
metal fatigue, and granulation tissue formation sealing effect
Less durability due to risk of stent fracture More difficult to insert (need
Fistula size may increase after stent deployment rigid scope)
Fistula size may increase after
stent deployment

related to the location of TEF (usually very proximal fistulas) or an occlusion of the
esophageal lumen from a stenosis or a bulky tumor, making dilation or stenting
challenging. The airway stent must be positioned so that the fistula is completely
covered, ideally with a covered safety or “landing” zone of 20 mm at both ends [24].
Theoretically, this approach provides reassurance against the vertical expansion of
the fistula following the stent deployment. However, the 20 mm safety margin may
not be achieved due to the location of the fistula.

Double Airway and Esophageal Stenting

Double stenting may be considered a first-line intervention in the management of
malignant TEF cases involving mid- to distal trachea [25-28], although this practice
is controversial especially in the patients with low risk of airway compromise after
proper sizing and deployment of esophageal stent. Double stenting approach pro-
vides protective strategy against airway compression by the esophageal stents and
their migration into the airways. To further prevent airway compromise, the airway
stents are always placed first, followed by esophageal stents. An additional strategy
to ameliorate esophageal stent migration is placing the proximal end of the esopha-
geal stent higher than the airway stent’s upper margin, although the efficacy of this
technique is unclear. Endoscopic clips can also be used to provide a point of fixa-
tion. After the deployment of esophageal stent, it is important to confirm the posi-
tion of airway stent with either bronchoscopic or radiographic examination. One of
the main issues of double stenting is the risk of fistula enlargement from a friction
point or pressure necrosis between airway and esophageal stenting especially in
metal on metal contact of both luminal stents.

Although these strategies for placement of both single and double stents have
been accepted based on anecdotal success and smaller case series, there has not
been a head-to-head trial assessing the efficacy of the two approaches. The only
available prospective data that studied the efficacy of double stenting versus single
stenting comes from Herth and colleagues [16]. Involving 112 patients, 65 (58%)
received single airway stent, 37 (33%) received single esophageal stent, and 10
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Location/
Authors | Method Etiology | fistula size Sample size Outcomes
Ke M, Retrospective | Undefined | Undefined 61 (26 tracheal, | Better resolution of
et al. case series 35 double) TEF contrast-
(2015) enhanced imaging
and clinical
symptoms for double
stents
Herth F, | Prospective Malignant | Trachea, 112 (65 Increased mean
et al. case series mainstem tracheal, 37 survival time (182d
(2010) bronchi, size | esophageal, 10 | tracheal vs 249d
not reported double) esophageal vs 245d
double)
Freitag L, | Retrospective | Malignant | Trachea, 30 (12 tracheal, | Increased mean
et al. case series 14 cm 18 double) survival time (24d vs
(1996) 110d) for double
stents

(9%) received double stents. The unadjusted median survival time was 182, 249,
and 245 days, respectively. There are other smaller retrospective case series that are
summarized in Table 7.3.

Assessing the Efficacy of Airway Stent

There are several methods to assess the efficacy of stenting in adequately sealing a
TEF. Using a naso-/orogastric tube, methylene blue can be utilized to confirm the
proper approximation of stenting and successful closure of the fistula. The dye is
instilled into the esophagus and the bronchoscope is used to assess for any leakage
of the dye into the airways. If no soilage is noted on bronchoscopy, this suggests
successful closure of the fistula. Another method of assessment is using barium
swallow test to identify any leakage into the airway.

For most patients, stent placement helps to prevent pulmonary complications
including aspiration pneumonia. Occasionally, oral intake can be resumed with a
complete coverage of the fistula in selected patients. However, most patients will
require nutritional support via gastrostomy, jejunostomy, nasojejunal tube, or paren-
teral nutrition.

Other Therapeutic Modalities

Several alternative therapeutic modalities have been described. But majority of
these modalities are less well-studied, with only case reports to support their use.
These modalities are fibrin glue injections, atrial closure devices, and other surgical



7 Management of Acquired Tracheoesophageal Fistula in Adults 129

tools. Fibrin glue injections have been used to treat small fistulas (<5 mm). This
method has high failure rates in larger fistulas (>8 mm) due to the rapid dissolution
of coagulative effect, leading to a recanalization of the fistula [29-31]. The atrial
closure device (Amplatzer), which was originally designed for transcatheter closure
of cardiac defects, has been used to successfully close TEFs and bronchio-esophageal
fistulas related to nonmalignant etiologies [32-35]. However, significant airway
complications have been reported with Amplatzer device use, ranging from airway
obstruction from mucostasis and granulation tissue formation to a new TEF from
erosive changes relating to the device itself. In addition, unlike airway stents, the
Amplatzer decreases the airway cross-sectional area. Thus, this device is generally
not used in the management of TEF [32]. ACell® matrix is a decellularized porcine
urinary bladder matrix used to facilitate the natural healing process. There was an
off-label use of this device to promote the healing process in patients with benign
TEF with a complete closure at 10 days [36]. However, these methods are less often
used due to anecdotal nature and lack of proven efficacy in larger cohorts. Other
investigational and alternative therapeutic methods are summarized in Table 7.4.

There are a few endoscopic repair techniques that have been described on esoph-
ageal side. Several techniques have been described, for example, (1) a knot pusher
which is an extracorporeal suturing device [37], (2) a Cor-Knot device [38], and (3)
trans-tracheostomy repair [39]. In the report by Mozer et al. [38], the benign TEF
was closed by suturing the fistula via a rigid esophageal tube, and securing with a
Cor-Knot device. They observed a full post-procedural closure of the fistula on the
esophagogram, and the patient was able to resume full oral intake at 6-month fol-
low-up. Endoluminal vacuum-assisted closure (EVAC) therapy can potentially be
used in the repair of TEF. EVAC creates a negative pressure while placing a sponge
in the lumen of the fistula. The sponge is connected via a nasogastric tube that con-
tinuously removes secretions. This process induces the granulation tissue formation
and closure of the fistula [40].

Outcomes

TEF is a condition that is found in many different conditions — benign, as well as
malignant. Thus, it is very difficult to establish concrete outcomes in TEF due to its
heterogeneity on affected population. Benign TEFs have more favorable clinical
outcomes due to several factors including better nutritional status, less comorbidi-
ties, and feasibility of definitive surgical intervention. In two of the largest recent
case series in surgical literatures, perioperative mortality ranged from 0% to 2.8%
and morbidity ranged from 32% to 56% (pneumonias, respiratory failures, and fis-
tula recurrences). In a series by Marulli and colleagues, all 25 patients who under-
went surgical intervention for benign TEF survived with a median of 41 months of
follow-up [41].

For malignant TEF, the available data suggests drastically worse outcomes.
Although there was less than 0.5% procedure-related mortality, the mean survival of
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Table 7.4 Alternative bronchoscopic approaches to stent placement — summary of anecdotal
approaches

Location/
fistula
Authors Method Etiology size Improvement | Complications
Scappaticci | Fibrin Benign — Post- | Trachea, | Near- None
et al. (2004) | glue — Tissucol | intubation <5 mm complete
closure in
<24 hr
Miller PE, | Atrial septal Benign — Trachea, | Complete Dislodged,
et al. (2014) | occluders — prolonged not closure airway
Amplatzer® stenting reported obstruction,
(AGA infection at
Medical; Golden 3 months after
Valley, placement
Minnesota, USA)
Traina M, | Atrial septal Benign — post- | Trachea, | Complete None
et al. (2018) | occluders — tracheostomy not closure
Amplatzer® reported
(AGA Medical;
Golden Valley,
Minnesota, USA)
Mahajan ACell® Benign — RMS, Complete None
AK, et al. decellularized Inflammation 2 cm closure after
(2018) porcine urinary 10 days
bladder matrix;
Y-stent
Traina M, | Over the scope Benign — post- | Trachea, | Complete None
et al. (2010) | clipping (Ovesco | tracheostomy 4 cm closure/
Endoscopy below resume diet
GmbH) VC -
I cm
Mozer AB, | Endobronchial Benign — Trachea, | Complete None
et al. (2019) | suture (Cor-Knot | iatrogenic 12 mm closure
device) surgery
Wong, Fibrin sealant Benign — RMS, Complete None
An-Kwok | (Ethicon Evicel)/ | broncholith 2 cm closure/
et al. (2019) | silicone-covered resume diet
stent (Bonastent)
Lee HJ, Endoscopic Esophageal N/A Complete None
et al. (2015) | vacuum-assisted | cancer, closure after
closure (EVAC) | post- 10 days
esophagectomy

patients with malignant TEF was only 2.8 months from the time of TEF diagnosis
from a large case series by Balazs and colleagues [8]. The patients who underwent
esophageal stenting had mean survival of 3.4 months in this study suggesting poten-
tial survival benefits [8]. The clinical efficacy of double stenting was seen in a ret-
rospective study by Freitag and colleagues who found increased survival time in
double stenting compared to single tracheal stenting (110 days vs 24 days). This
was supported by a larger prospective study by Herth and colleagues, with a median
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survival of 245 days in double stent population and 182 days in single tracheal stent
population [16]. Patients who underwent stenting reported a significant improve-
ment in dyspnea and dysphagia scores, and quality of life measured by the European
Organization for Research and Treatment of Cancer quality of life questionnaire
(EORTC QLQ-C30) supporting its role in palliative therapy [16, 41].

Conclusions

Due to heterogeneity in inciting factors and underlying conditions, the diagnosis of
TEF is often significantly delayed or undiagnosed. The first step in prompt diagno-
sis is understanding the pathophysiology of fistula formation between the airways
and the esophagus, and being cognizant of associated conditions. Clinical signs and
symptoms can be often helpful but are often nonspecific, requiring careful review of
symptoms, ventilatory variables (i.e., loss of tidal volume), frequency of respiratory
infections, and evolution of chest radiographs. The next step in diagnosis is visual-
izing the fistula via contrast esophagogram or endoscopy/bronchoscopy, which pro-
vides crucial pre-procedural planning in addition to the diagnosis. The choice
between definitive surgery, palliative stenting, use of investigational methods, and
conservative approach will depend on combination of patient’s condition, underly-
ing etiology of TEF, goals of care, and availability of expertise.

Currently, endoscopic stenting is the most viable and well-studied intervention for
patients with malignant TEF requiring palliative intervention or patients with a benign
TEF who require stenting as a bridge to a definitive surgery. In this case, stenting has
been shown to improve quality of life in patients with TEF and lessen symptoms of
dyspnea and dysphagia. The choice of silicone stent versus metal stent is largely up
to the comfort and the experience of the bronchoscopist, as there are advantages and
disadvantages to both stents. Single esophageal stenting is preferred for TEF in distal
esophagus without known airway compromise. Single tracheal stenting is ideal in
very proximal TEF where esophageal stenting is technically challenging. Otherwise,
double stenting may be favored as it provides structural support from both sides of the
fistula while creating a seal to prevent spillovers but may lead to pressure necrosis.
Close monitoring of the symptoms and signs of procedural complication is warranted
in these highly complex patients to sustain desired clinical outcomes.

Acknowledgments Harpreet Singh Grewal, MD, for sharing his figures in this chapter.
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Chapter 8

Lung Volume Reduction: Surgical Versus
Endobronchial

Check for
updates

Pallav L. Shah and Samuel V. Kemp

Introduction

Chronic obstructive pulmonary disease is a heterogeneous disease predominantly
caused by cigarette smoking, and in some developing economies by the indoor use
of biomass fuels for cooking in poorly ventilated homes [1]. The condition consists
of chronic bronchitis, airflow obstruction and alveolar destruction. This latter com-
ponent is known as emphysema, and was first alluded to in 1679 by Bonet [2] where
he described ‘voluminous lungs’, with the first case series of 19 patients [3] pub-
lished in 1769 by Morgagni, where he described lungs that were ‘turgid with air’. It
was Laénnec who made the first detailed description of the pathology of emphy-
sema [4]. He reported on some post-mortem observations where he found that the
lungs were hyperinflated and frequently obstructed by mucus and did not empty
well. Emphysema is defined as the abnormal, permanent enlargement of airspaces
distal to the terminal bronchioles, accompanied by the destruction of their walls and
without obvious fibrosis. Patients with advanced emphysema are breathless despite
the use of anticholinergic drugs, beta-2 agonists, long-acting bronchodilators,
inhaled steroids and oral steroids, and whilst oxygen has some role in palliation, it
barely alters the disability and breathlessness experienced by these patients. Lung
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transplantation and lung volume reduction remain the only realistic options for sig-
nificant improvements in lung function, exercise tolerance and quality of life in
these patients.

Pathophysiology of Emphysema

The destruction of the elastic tissue of the lung leads to the enlargement of air-
spaces, small airway collapse and progressive hyperinflation. This shifts the compli-
ance curve of the lung towards the right. Consequently, greater pressure changes are
required for any given tidal volume. Hence, greater effort is required for breathing.
The destructive process of emphysema also reduces the degree of tethering leading
to early collapse of the airways in expiration, with prolonged expiratory air flow and
air trapping. This effect is exacerbated during exercise or any significant effort as an
increase in the respiratory rate further reduces the time allowed for expiration.
Hence, patients with emphysema exhibit both static and dynamic hyperinflation.
The hyperinflation further increases the effort of breathing as the inspiratory mus-
cles are at a mechanical disadvantage owing to changes in the length-tension rela-
tionship [5].

Besides the changes in lung mechanics already discussed, dynamic hyperinfla-
tion also leads to a number of other deleterious consequences: significant V/Q mis-
matching, increased dead space and the generation of high intrinsic positive
end-expiratory pressure (PEEP). The latter compresses pulmonary vessels giving
rise to pulmonary hypertension during exercise, impairing venous return to the heart
and therefore reducing cardiac output. The air trapping per se also leads to hyper-
capnia and hypoxia during exercise.

There are three main subtypes of emphysema described: centrilobular, panlobu-
lar or panacinar and paraseptal. Centrilobular emphysema refers to abnormal
enlargement of the airspaces centred on the respiratory bronchiole. It tends to have
an upper lobe preponderance and is the most common pathological form in smok-
ers. The computed tomographic (CT) features are foci of low attenuation at the
centre of the secondary pulmonary lobule. With advancing disease, these centri-
lobular low attenuation areas may coalesce to form bullae of increasing size.
Panlobular emphysema involves the whole secondary pulmonary lobule and is clas-
sically associated with alpha-1 antitrypsin deficiency where it typically occurs in
the lower lobes. There is diffuse destruction of the alveolar and respiratory bron-
chiolar walls, giving rise to widespread low attenuation of the affected areas on
CT. Paraseptal emphysema arises at the distal portion of the secondary pulmonary
lobule and typically affects areas of the lung adjacent to the pleura. This type of
emphysema may give rise to ‘vanishing lung syndrome’ or giant bullous emphy-
sema. It has an upper lobe predominance and is associated with an increased risk of
pneumothorax.
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Lung Transplantation

Lung transplantation is the only potential cure for emphysema. However, this treat-
ment option is limited by an inadequate supply of donor organs, although recent
advances in organ harvesting and preservation (such as ex vivo lung perfusion) [6]
have helped to increase availability. Strict eligibility criteria are applied in most
countries, and lung transplantation is a realistic option for only a few patients. Even
in those transplanted, there is a significant mortality and morbidity; 90-day mortal-
ity is 13%, with 22% dead at 1 year [7]. The trend towards double lung transplanta-
tion rather than single lung transplantation in emphysema has further reduced the
number of patients that can be treated with the available organs but has improved
the longer-term outlook (66.7% vs. 44.9% 5-year survival) [8]. Whilst transplanta-
tion is a surgical treatment for emphysema, this chapter mainly concerns itself with
techniques for lung volume reduction.

Lung Volume Reduction Surgery

Surgical procedures for the palliation of symptoms in emphysema have been
attempted over many years, with widely varying approaches, including artificial
pneumoperitoneum, phrenic nerve dissection, thoracoplasty, costochondrectomy
and procedures to improve pulmonary blood flow. All were soon abandoned follow-
ing universally disappointing or disastrous outcomes. However, lung volume reduc-
tion by removing a portion of diseased lung appeared to have some merit and was
first reported by Brantigan in 1957 [9]. The concept was simply that reducing the
volume of the overinflated lung would enable improved function of both the dia-
phragm and the respiratory muscles. His group published a series of 33 patients and
suggested symptomatic improvements in 75% of survivors. However, they pre-
sented no objective measurements of improvement, and concerns regarding opera-
tive morbidity and mortality (18%) lead to the procedure being abandoned.

A series published by Delarue and colleagues [10] in 1977 resulted in a 21%
post-operative mortality, but they also demonstrated functional benefits in some sur-
vivors, suggesting that LVRS had something to offer the carefully selected patient.
Surgical lung volume reduction only gained credibility in the 1990s after improve-
ments in surgical techniques by Joel Cooper. Cooper and colleagues [11] resected
20-30% of the most emphysematous lung using a stapling technique performed
through a median sternotomy. At a mean follow-up of 6 months, they reported sig-
nificant improvements in lung function with an 82% improvement in FEV1 and
27% improvement in FVC. Symptom scores also improved substantially but there
was no change in walking distance. Whilst prolonged air leaks occurred in over half
of the patients, there were no deaths during the follow-up period. These striking
results led to a resurgence in interest in LVRS. A larger series of 150 consecutive
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patients published the following year demonstrated sustained benefits to 2 years and
a relatively low overall mortality of 4% at 90 days [12].

The evidence base for LVRS was supported by several small, short-term, ran-
domised controlled studies. One study in 37 patients who were randomised to either
LVRS or pulmonary rehabilitation demonstrated that surgical intervention improved
pulmonary function parameters at 3 months [13]. A study performed at the Royal
Brompton Hospital in the UK compared LVRS to medical treatment [ 14]. Potentially
eligible patients were given intensive medical treatment, and completed a smoking
cessation program and a 6-week outpatient rehabilitation program before randomi-
sation. Forty-eight patients were randomised to either surgery or continued medical
treatment. At 6 months, there was no significant difference in the rates of death
between the two groups, but there were statistically significant improvements in the
forced expiratory volume in 1 second (FEV1; p = 0.02) and shuttle walking distance
(p = 0.02) in the surgical group over the medical group. However, in the surgical
arm, 5 of the 19 surviving patients derived no measurable benefit from the treat-
ment. Medium-term follow-up (median 25 months) demonstrated that the immedi-
ate increase in FEV1 was not sustained, although beneficial changes in the forced
vital capacity and a reduction in hyperinflation remained. There was also a gradual
and sustained increase in transfer factor accompanied by improved oxygen satura-
tions [15].

The Canadian Lung Volume Reduction (CLVR) study and the Overholt-Blue
Cross Emphysema Surgery Trial (OBEST) were two similar, independently con-
ceived and conducted, multicentre, randomised clinical trials of LVRS, but their
results were published as a single (meta-) analysis [16]. Patients were required to
have severe airflow obstruction, hyperinflation and measurable dyspnoea. Optimal
medical therapy included pulmonary rehabilitation in both arms of both studies. The
CLVR study randomised 58 patients and the OBEST 35 patients (a total of 93
patients), with 54 patients randomised to undergo surgery, and 39 randomised to
receive medical treatment. Six-month results were similar to the Brompton trial,
with no difference between arms in mortality, and significant beneficial changes in
spirometry, hyperinflation and exercise capacity. Two further small clinical studies
also reported improvements in pulmonary function and quality of life measures, but
in the latter study, there was a higher surgical mortality (12%) [17, 18].

These encouraging reports led to a dramatic uptake in LVRS, but the Centers for
Medicare & Medicaid Services (CMS) published data in 1998 showing mortality
rates of 14.4% at 3 months and 23% at 12 months from claims submitted between
October 1995 and January 1996, together with a high rate of rehospitalisation, and
subsequently stopped reimbursements for the procedure [19]. This led to the devel-
opment of a multicentre, prospective, randomised trial between LVRS and medical
care (National Emphysema Treatment Trial (NETT)) [20]. Funded by the CMS and
the National Heart, Lung, and Blood Institute (NHLBI), it aimed to answer two
fundamental questions — could a sustained survival benefit from surgery be demon-
strated, and would LVRS improve measures of lung function, exercise capacity and
quality of life? Seventeen designated centres in the USA recruited patients with
severe airflow obstruction together with bilateral emphysema and hyperinflation on
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chest radiograph and randomised them to best medical care or best medical care
plus lung volume reduction surgery. One thousand two hundred eighteen patients
were randomised.

Results at 24 months showed a higher early mortality in the surgical arm than the
medical arm (2.2% vs. 0.2% at 30 days; 5.1% vs. 1.5% at 90 days), but no overall
difference in mortality at 24 months [21]. A greater proportion of patients in the
surgical arm had an increase in exercise capacity at each time point (24% vs. 4% at
6 months; 22% vs. 5% at 12 months; 15% vs. 3% at 24 months), and there was a
greater chance of improvements in FEV1, health-related quality of life and dys-
pnoea scores in the surgical arm. There was also a reduction in exacerbation fre-
quency and an increase in time to first exacerbation [22].

The safety monitoring board identified a group of patients that appeared to have
a greater mortality [23]. By six months, 35% of patients with FEV1 <20% and
either a TLco <20% predicted or emphysema that was homogeneously distributed
had died. Enrolment of patients with these characteristics was stopped in May 2001,
by which time 140 had been recruited, 70 in each arm of the trial. Of these, all had
an FEV1 <20% predicted, 94% had homogeneous disease, and 87% had a TLCO
<20% predicted. Forty one patients met all three criteria. Mortality in those who
underwent surgery was 0.43 per person year, compared to 0.11 per person year in
those treated medically. Thirty-day mortality was 16% in this high-risk surgical
group and 0% in the medical group, with poor outcomes persisting to 2 years [21].

Short-term safety analysis identified that the only two statistically significant
independent pre-operative factors that predicted mortality in the surgical arm were
the presence or absence of upper lobe predominant disease on CT scanning and
baseline exercise tolerance (cut-off for low exercise capacity that determined risk of
death was the 40th centile, 25 Watts in females and 45 Watts in males). When
divided into four patient groups on the basis of these two parameters at 24 months,
a clear stratification of benefit between groups could be seen, summarised in
Table 8.1. Subject monitoring continued beyond the 24-month trial period, with
70% of survivors participating in extended follow-up. Overall, a significant survival
advantage in the LVRS group emerged at 5 years (0.11 deaths per patient year in the
surgical arm vs. 0.13 deaths per patient year in the medical arm; 283 vs. 324 deaths,
respectively), with improvements in exercise capacity out to 3 years, and quality of
life out to 5 years [24]. In the survivors, there were small but significant improve-
ments in FEV1, exercise capacity and walking distance, but no improvement in

Table 8.1 NETT outcomes stratified by disease distribution and baseline exercise capacity

Upper lobe predominant Non-upper lobe predominant

disease

disease

Low baseline exercise
capacity

Survival 1
Quality of life 1
Exercise capacity T

Survival <
Quality of life 1
Exercise capacity <

High baseline exercise
capacity

Survival <
Quality of life 1
Exercise capacity 1

Survival |
Quality of life &
Exercise capacity <
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quality of life. High-risk patients continued to demonstrate excessive mortality
without functional benefit, whilst those in the upper lobe predominant, low exercise
capacity group were consistently shown to benefit the most from surgery. This
improvement came at considerable financial cost, however, with an estimated
$190,000 per quality adjusted life year (QALY) in all-comers, and $98,000 in those
with upper lobe disease and low exercise tolerance [25].

The NETT study demonstrated significant benefits in survival, exercise capacity
and quality of life in carefully selected patient groups, and also identified a clear
higher responder group; patients with upper lobe predominant emphysema with low
baseline exercise capacity. However, instead of signalling a resurgence in the num-
bers operated on, the high short-term mortality, significant morbidity and short-term
costs have meant that very few operations are currently undertaken. Since the pub-
lication of the NETT study, there have been significant developments in surgical
techniques. Greater use of video-assisted thoracoscopic approach and unilateral
treatment and development of non-resectional lung volume reduction surgery. The
latter involves using adapted staples which effectively separate two regions of the
lung without cutting through and leaving the emphysematous parts of the lobe col-
lapsed and folded in situ. Lung volume reduction surgery is now centralised in
higher volume centres, and 90-day mortality in some groups has been reported as
<1% over the past 5 years [26].

However, the challenges already discussed, invasive nature of surgery and unpre-
dictable lengths of hospital stay have fuelled the development of non-surgical meth-
ods of lung volume reduction. Several different bronchoscopic techniques and
devices have now been developed, employing a variety of ingenious strategies to
achieve their desired effect. These can be grouped into airway blockers, sclerosants,
coils and airway bypass techniques, each category being discussed separately below.

Endobronchial Valves

Endobronchial valves function as one-way valves which allow gas out during expi-
ration, but prevent further inspired air reaching the treated area. They are only effec-
tive at inducing lung volume reduction when several valves are used together to
completely occlude a lobe in the absence of significant collateral ventilation.
Endobronchial valves are the most extensively evaluated bronchoscopic lung vol-
ume reduction technique. Clinical studies have yielded critical information on
patient selection, treatment strategies and complications, and the strategies pursued
by the different manufactures have had a major impact on the success or otherwise
of those devices.

Two valve systems are currently commercially available. The earliest valves for
human use were developed by Emphasys Medical (Redwood City, CA), which were
subsequently acquired by Pulmonx Corporation (Redwood City, CA). Similar in
shape to a spigot, they consisted of a framework of nitinol (a super-elastic memory
shape alloy) surrounding a silicone duck-billed valve in a stainless steel cylinder
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Fig. 8.1 Endobronchial valves. (a) First-generation Emphasys valve (b) Zephyr valve. (c)
Spiration intrabronchial valve

(Fig. 8.1a). A more elegant second-generation valve (the Zephyr valve) was subse-
quently developed in order to reduce granulation tissue formation, with a frame-
work of self-expanding nitinol and a latex one-way valve (Fig. 8.1b). This is
available in three sizes, a 4.0 mm valve for airways of 4—7 mm diameter, a further
of a framework 4.0 mm valve designed with a shorter length (4LP) and a 5.5 mm
valve for airways from 5.5 to 8 mm diameter. The other commercially available
valve is the Intrabronchial Valve© (IBV) developed by Spiration Incorporated (now
acquired by Olympus Medical). The IBV consists of a nitinol frame covered by a
latex membrane as shown in Fig. 8.1c. This ‘umbrella valve’ has five distal anchors
which penetrate approximately I mm into the airway mucosa and six proximal
struts. These struts are flexible, conform to the shape of the airway during both
inhalation and exhalation and hold the latex membrane against the mucosa to pre-
vent inspiratory airflow whilst allowing air and secretions to pass from distal to
proximal. These are available in 5 mm, 6 mm, 7 mm and 9 mm diameter sizes. One
significant advantage of such devices over surgery, and indeed other bronchoscopic
interventions, is the reversibility of the procedure, with valves removable via a flex-
ible bronchoscope.

The first clinical study performed at the Royal Brompton Hospital confirmed the
feasibility and safety of endobronchial valve placement, and a number of early stud-
ies reported improvements in lung function parameters, quality of life and exercise
capacity [27-29]. A retrospective collection of the early experience at several cen-
tres demonstrated encouraging results with mean changes in FEV1 of +10.7%
(p =0.007), FVC +9.0% (p = 0.024), RV —4.9% (p = 0.025) and 6MWD +23.0%
(p =0.001) [30]. In this series of 98 patients, the clinical practice was varied, with a
combination of unilateral and bilateral treatments, some with complete lobar occlu-
sion and some with only segmental occlusions. Those in whom lobar occlusion was
attempted (70.4% of subjects) demonstrated the greatest response to treatment, and
interestingly those treated unilaterally (65.3%) had greater improvements in mea-
sured parameters than those treated bilaterally (34.7%).

The Valves for Emphysema palliatioN Trial (VENT) [31] was designed as a mul-
ticentre, prospective, randomised controlled trial in severe heterogeneous
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emphysema (FEV1 <45% predicted, TLC >100% predicted, RV >150% predicted).
Patients were randomised 2:1 procedure to control, with the aim of assessing the
safety and efficacy of unilateral complete lobar occlusion. A co-primary end point
of mean per cent change in FEV1 and 6-minute walking distance (6MWD) at
180 days were used.

Three hundred twenty-one patients were enrolled and randomised to endobron-
chial valve treatment (220 subjects) or standard medical care (101 subjects) in the
US arm of the trial [32]. Statistically significant improvements in the treatment
group were seen at 6 months when compared to changes in the control group with
respect to both primary end points — FEV1 p = 0.005; 6MWD p = 0.04. There were
also statistically significant improvements in the SGRQ and dyspnoea scores.
However, whilst statistically significant, most clinicians considered these changes
as modest and not meeting minimum clinically important differences. Subsequent
analysis revealed subject characteristics that were associated with better outcomes.
Quantitative density analysis of subject scanning bet was used to derive a heteroge-
neity score from the difference in the percentage of pixels below —910HU between
the target lobe and the adjacent ipsilateral non-target lobe, demonstrating significant
changes in both FEV1 (p = 0.003) and 6MWD (p = 0.009) in subjects with a hetero-
geneity score of 25%. The more important finding, however, was that in subjects
with complete lobar occlusion (evaluated on post-treatment CT scans) and anatomi-
cally isolated upper lobes (also determined by CT analysis of fissural integrity),
FEV1 was increased by 16.2% relative to the control arm (p < 0.001), a benefit that
persisted out to 1 year of follow-up (17.9%; p < 0.001).

A parallel study using an identical protocol was conducted in Europe, recruiting
171 patients randomised to either endobronchial valve treatment (n = 111) or medi-
cal management (n = 60) [33]. The results again demonstrated statistically signifi-
cant improvements, but below those considered clinically meaningful, in FEV1
(valves vs. medical care, 7 = 20% vs. 0.5 = 19%; p = 0.067), cycle ergometry
2+ 14 Wvs. =3 £10 W; p=0.04) and St George’s Respiratory Questionnaire
(SGRQ; =5 = 14 points vs. 0.3 = 13 points; p = 0.047), with improvements main-
tained out to 1 year of follow-up. Rates for complications did not differ significantly
between the groups. Once again, those with a complete fissure(s) adjacent to the
treatment lobe and a correctly performed procedure (i.e. lobar occlusion) had a
mean lobar volume reduction of 80%, and greater than half met minimal clinically
important difference thresholds.

The Intrabronchial Valve (Spiration/Olympus) was initially used to treat patients
by implanting valves into the airways of both upper lobes. A report on the first 30
patients demonstrated a clinically significant improvement in the SGRQ (>4 point
reduction, although >8 points was taken to be significant in the NETT) in greater
than 50% of participants. However, there were no significant changes in any mea-
sured lung function parameters or in exercise tolerance [34]. This open-label study
was subsequently expanded to several centres worldwide and recruited 98 patients,
and initial reports suggested reductions in the volume of the treated lobes with
improvements in quality of life [35]. Atelectasis was documented in nine subjects
(9.2%) at 2 weeks, and five of these experienced a pneumothorax (one fatal).
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Three pneumothoraces occurred in those without atelectasis, and six pneumothora-
ces occurred in patients who had the lingula segments treated (n = 18) leading to the
discontinuation of lingular treatments after enrolment of subject 65.

Unfortunately, the high incidence of pneumothoraces in patients who developed
atelectasis (55.6%) influenced the subsequent randomised trial [36], which
employed a treatment strategy of bilateral incomplete occlusions of both upper
lobes in a single procedure. This European multicentre trial (73 patients in 7 cen-
tres) in heterogeneous emphysema demonstrated shifts in lobar volume compared
with control subjects at 3 months, with a significant decrease in upper lobe lung
volumes (—=7.3 £ 9.0%), but a similar and significant corresponding increase in non-
treated lobe volumes (—6.8 + 6.9%). Six-month CT analysis showed a slight reduc-
tion in the amount of volume loss in the upper lobes to —5.3 + 7.8. There was no
change in volumes in the control group. A responder analysis was conducted, with
a responder being a subject with a 7.5% decrease in treated lobar volumes and a >4
point fall in the SGRQ at 3 months. The treatment group had a 24% responder rate,
against 0% in the control group. This result was used by the authors to suggest a
beneficial treatment effect of bilateral incomplete lobar occlusions with the
IBV. However, there was no overall difference in the change in SGRQ between
groups and no difference in SGRQ ‘responders’, and changes in SGRQ did not cor-
relate with volume shifts. The changes in SGRQ were randomly distributed across
both groups, and were independent of any treatment effects. Furthermore, there
were no differences in changes in lung function parameters, breathlessness or
6MWD between the two groups.

What was not fully appreciated during the enrolment phase of the VENT trial
was the critical role that collateral ventilation plays in the success or failure of endo-
bronchial valve therapy. Collateral ventilation is the ventilation of alveolar struc-
tures through passages or channels that bypass the normal airways [37]. These high
resistance channels become increasingly important with increasing airflow obstruc-
tion, as airway resistance in the airways approaches that of the collateral channels,
and alveolar destruction causes coalescence of airspaces. The likelihood is that col-
lateral ventilation between lobes is largely secondary to incomplete fissures, and
these can be a feature of normal health [venuta respiration ref] [38], or secondary to
the proteolytic damage to pulmonary tissue that occurs in emphysema. Correct tech-
nical placement of the valves is also essential, and in the VENT studies, 46.9% of
procedures (US arm 85/194 and European arm 58/111) did not achieve complete
lobar exclusion due to inadequate valve placement [32, 33]. A direct comparison of
the two strategies was performed by Eberhardt and colleagues [39], who randomised
22 patients to receive either a bilateral incomplete occlusions or a unilateral com-
plete occlusion. Beneficial changes were seen in the complete but not incomplete
occlusion group. The changes seen in this subgroup do seem to indicate clinically as
well as statistically meaningful changes with correct patient selection, and indeed
long-term survival data has been published showing a survival benefit in patients in
whom lobar collapse was achieved [40—42].

A system for predicting the presence of collateral ventilation has subsequently
been developed, comprising of a balloon catheter incorporated with a pressure and
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flow sensor [43]. The balloon catheter is manoeuvred into the target lobe and the
balloon inflated to fully occlude the lobe, with the pressure and flow pattern mea-
sured via a central channel in the catheter. Where there is no collateral ventilation,
there should be a steady reduction in the flow over several minutes whilst maintain-
ing the inspiratory pressure changes. In contrast, where there is collateral ventila-
tion, there is sustained flow beyond 5 minutes with the emptying of several litres of
air. This method has an accuracy of 75% in predicting whether or not significant
treated lobe atelectasis (>350 mls volume loss) will occur, and those predicted to
respond have been shown to have greater improvements in FEV1 and greater vol-
ume loss [44]. Subsequent Zephyr valve trials utilised the Chartis system to deter-
mine collateral ventilation status prior to valve placement.

The Brompton randomised, double blind, sham controlled study of endobron-
chial valves (BeLieVer-HiFI study) [45] selected patients with major lobar fissures
that were assessed as being >90% intact on CT imaging. The Chartis procedure was
also performed, but the patients were randomised to treatment or sham irrespective
of the Chartis-assessed collateral ventilation status. Fifty patients were randomised
to endobronchial valve insertion with usual medical care (n = 25) or a sham proce-
dure and usual medical care (n = 25). The patient group had severe disease with a
mean FEV1 of 31.7% predicted and severe hyperinflation with residual volumes
(RV) of 232% predicted. FEV1 was improved by a mean of 24.8% (median change
8.8%) in the intervention group compared to 3.9% (median change 2.9%) in the
sham group. However, in this study, four patients in the treatment group had col-
lateral ventilation present on the Chartis assessment, and a further four subjects had
an indeterminate assessment. Excluding the patients with collateral ventilation
improves the responder rate for a number of parameters. There were 23 episodes
described as exacerbations in 16 patients in the treatment group and 22 events in 20
patients in the sham group. There were two episodes of pneumonia, two pneumo-
thoraces and two deaths in the treatment group.

The STELVIO trial [46] was a single centre randomised but un-blinded trial
which also selected patients with severe emphysema with intact lobar fissures on
CT. The Chartis procedure was also performed, and in the STELVIO trial, only
patients that were considered collateral ventilation negative after the Chartis assess-
ment were included. Furthermore, patients in whom complete occlusion was not
possible for technical or anatomical reasons were excluded. Sixty-eight patients
were randomised, 34 to treatment with endobronchial valves and 34 to usual medi-
cal care. Patients had severe disease with a baseline FEV1 of 29% predicted, RV of
218% predicted, GSMWT of 337 metres and total SGRQ score of 59.2. The intention
to treat analysis demonstrated a 20.9% (95% CI 11.1 to 30.7) improvement in
FEV1 in the intervention group compared to a 3.1% (CI —0.4 to 6.6) in the control
group. There were clinically meaningful improvements in 6MWT (increase by
92 m, CI 64 to 120) and SGRQ scores (—17.4, CI-24.75 to —10.0) in the treatment
group that completed the study (n = 23). The main adverse events observed in the
study were exacerbations of COPD and pneumothoraces. In total, there were six
pneumothoraces (18%), three of which settled within 14 days, and three which
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required removal of a valve. About 35% of the patients required a further bronchos-
copy for valve removal or repositioning.

The LIBERATE [47] and TRANSFORM [48] trials were two very similar ran-
domised controlled studies (2:1 in favour of intervention), the former predominantly
undertaken in the USA and the latter in Europe. In both studies, patients were
selected on the basis of severe emphysema, hyperinflation, intact fissures on CT
scans and heterogeneous distribution of disease. Both studies only recruited patients
who were confirmed as collateral ventilation negative on Chartis assessment.
TRANSFORM 6-month data demonstrated statistically and clinically meaningful
benefits in multiple parameters over standard of care, including FEV1 (+29.3%),
RV (-0.67 L), 6MWD (78.9 m), SGRQ (—6.9 points) and BODE index (—1.75
points), confirming the improvements seen in earlier trials. The LIBERATE trial
extended the control data collection period out to 1 year, showing a durable response
to EBV therapy, with improvements again seen in FEV1 (+18.0%), RV (-0.52 L),
6MWD (39.3 m), SGRQ (7.1 points) and BODE index (—1.2 points). These trials
expanded the evidence base sufficiently to allow approval for routine clinical use of
the Zephyr valve in the USA, Europe and several other territories.

Although a majority of the evidence for +EBVs has been collected in heteroge-
neous emphysema, their benefit in homogeneous disease has also been demon-
strated in a dedicated [49]. Ninety-three patients were randomised to endobronchial
valves (n = 43) or standard of care (n = 50). The difference in change in FEV1
between groups was 13.5%, 6MWT 22.6 m and SGRQ —8.63 points. COPD exac-
erbations and pneumothoraces were the commonest adverse events.

The main adverse event observed has been the higher incidence of pneumothorax
[50]. The latest results and current clinical practice suggest a pneumothorax rate
around 15-25%. Hence, it is crucial that treating centres have experience in the
management of often complex pneumothoraces. The sharing of experiences and
data should allow for the development of robust treatment algorithms, and a recent
expert statement has been published to provide guidance in this often tricky area
[51]. The evidence base demonstrates that endobronchial valves are a genuine alter-
native to lung volume reduction surgery, with a similar magnitude of benefit but
with a less invasive procedure and potentially lower morbidity. Furthermore, the
improved safety profile of EBVs has enabled treatment in patients with homoge-
neous destruction and alpha- 1-antitrypsin deficiency.

Endobronchial Lung Volume Reduction Coils

Endobronchial coils comprise a pre-shaped nitinol wire which is introduced into the
segmental airway under fluoroscopy, and once released reverts to its original shape
(Fig. 8.2) [52]. After a number of coils are placed in a target lobe, tension is created
between them, which is thought to promote small airway splinting and improved
lung emptying on expiration. The effect is to reduce lung compliance and reduce
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Fig. 8.2 A lung volume
reduction coil

hyperinflation. In patients where there is significant parenchymal compression with
some coil-associated pulmonary consolidation, the effects appear to be greater.

A first in man study [53] with 11 patients and 21 procedures under general anaes-
thetic demonstrated the safety of the procedure, with no severe adverse events. A
subsequent prospective, non-randomised, efficacy study in 16 patients with hetero-
geneous emphysema [54] demonstrated statistically significant benefits in SGRQ
(—14.9 points), FEV, (+14.9%) and 6MWD (+84.4 m). A median of ten coils were
implanted per lung, with 12 patients having both lungs treated in sequential proce-
dures. One pneumothorax occurred in the first month after treatment, with the pre-
dominant adverse event being COPD exacerbation, particularly in the immediate
post-procedure period. Outcomes were better with ten than five coils per lobe, and
this has now become the treatment strategy of choice.

Outcomes of two trials, one recruiting only heterogeneous patients [52] and the
other only homogeneous patients [55], appear comparable. Mean improvements in
FVC of 13.4% and 17.5%, reductions in RV of 11.4% and 11.9% and improvements
in 6MWD of 84.4 m and 61 m, respectively, were seen. Quality of life as measured
by the SGRQ was very significantly improved in both studies, with mean falls of
14.9 points and 15 points. Interestingly, different treatment strategies for homoge-
neous disease patients have been implemented in different centres, without any
obvious difference in outcomes. One strategy is to place a coil in each bronchopul-
monary segment of the whole lung [56], and the other to treat only the upper lobes
as one would for heterogeneous upper lobe disease [55].

The first randomised controlled study with the RePneu Lung Volume Reduction
Coils (LVRC) in comparison to Standard of Care for the Treatment of Emphysema
(RESET) study [56] recruited 47 patients. Patients were randomised in a 1:1 ratio to
either treatment with endobronchial coils (23 subjects) or usual care (24 subjects).
After randomisation, treatment arm patients underwent treatment of one lung, with
the contralateral lung treated about 1 month later. End points were assessed at
3 months after the last treatment. The results showed substantial between-group
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differences in mean changes from baseline in the SGRQ (—8.4 points; p = 0.04),
6MWD (+63.55 m; p < 0.001) and FEV1 (+10.6%; p = 0.03). The RESET study
reported six serious adverse events (SAEs) in the treatment group within the first
30 days, and three events between 30 and 90 days. The control group experienced
one and three SAEs, respectively, with all SAEs in both groups beyond 30 days
related to infection or exacerbation. There were no late pneumothoraces, and no
deaths occurred within the follow-up period.

A second randomised study was performed in ten centres in France and ran-
domised 100 patients to either endobronchial coil treatment or regular care (control)
[57]. Forty-seven of the 50 patients randomised to endobronchial coils underwent
bilateral treatment. Eighteen patients (36%) had an improvement in their 6GMWT by
>54 metres compared to only nine patients (18%) in the control group (p = 0.03).
Hence, the trial achieved its primary end point, but the 6MWT in the treated patients
was improved by a mean of only 18 metres at 6 months, and had declined to 2
metres at 12 months. However, when compared to the control group, there was a
persistent mean difference of 21 metres at both 6 and 12 months. At 1 year, the mean
difference in FEV1 was 11% (p = 0.002), and the mean difference in SGRQ was
—10.6 (p < 0.001), both in favour of the active treatment group. At 1 year, there were
four deaths in the treatment group compared to three in the control group. Four
pneumothoraces occurred in the treatment group compared to one in the controls.
The occurrence of COPD exacerbations did not differ between the two groups, but
in the endobronchial coil group, significantly more pneumonias were observed (11
vs. 2). Some of these patients did not have any features of infection, and now are
considered to have developed coil-associated inflammatory opacities rather than
bacterial pneumonia.

The most recent randomised study, the RENEW trial [58], conducted in 21 cen-
tres in the USA and 5 centres in Europe randomised 157 patients to best medical
therapy and 158 patients to bilateral endobronchial coil treatment. Median change
in the 6MWT at 12 months was only 10.3 metres versus a decrease of 7.6 metres in
the standard of care group. The mean in-group difference is 14.6 m (p = 0.02),
although 40% of patients did improve by a clinically meaningful amount. There
were greater improvements in quality of life scores with a mean 8.1 point reduction
in SGRQ. There was a greater rate of adverse events in the treated patients (34.8%)
compared to the control group (19.1%), with key adverse events such as pneumo-
thorax (9.7% vs. 0.6%) and pneumonia (20% vs. 4.5%) also more frequent in coil-
treated patients. The overall results of the RENEW trial are modest and appear to
have been influenced by a change in inclusion criteria allowing patients with a resid-
ual volume between 175% and 225% predicted to be enrolled. This group appeared
to have significant comorbidity which adversely affected the primary end point
of 6(MWT.

Hartman and colleagues [59] have been reporting data on 38 patients recruited to
several earlier trials at one study site, and Zoumot [60] reported on the 2-year data
in patients treated in the original RESET study. Clinical benefit appears to gradually
decline over time, but even at 3 years post-treatment, approximately 50% of patients
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maintained improvement in 6 MWD, SGRQ and mMRC. Early theoretical concerns
with endobronchial coils had been the development of bacterial or fungal colonisa-
tion, migration of coils over time and tearing of lung parenchyma, but no microbio-
logical or imaging evidence of any of these was seen throughout the follow-up period.

Endobronchial coils may be considered in patients with emphysema and severe
hyperinflation. Patients both homogeneously and heterogeneously distributed can
be considered, but patients with paraseptal disease, gross bullous destruction and
giant bullae should be avoided. There are still a number of procedural uncertainties
that need resolving, such as the precise location of coil placements during treat-
ment, size of coils and number of coils that should be deployed.

Sealants

Sealants reduce lung volumes by tissue remodelling, through the induction of an
inflammatory response and then fibrotic scarring. The first such technique was
developed by Aeris Therapeutics, Inc. (Woburn, MA), which designed a fibrinogen
biopharmaceutical suspension and thrombin solution that polymerised in situ to
form a hydrogel (so-called BioLVR) for deployment via a standard bronchoscope.
Early results indicated benefits could be seen in both heterogeneous upper lobe
emphysema [61] and advanced homogeneous emphysema [62]. Two treatment regi-
mens were followed, with a high-dose (HD) and a low-dose (LD) group. In hetero-
geneous subjects, there were statistically significant improvements in hyperinflation
at 12 weeks and in spirometric values at 6 months in both LD and HD cohorts,
although changes were greater with high-dose treatment. Homogeneous subjects
also exhibited a better response to HD than LD therapy, with a significant reduction
in gas trapping at 3 months in HD subjects.

The sealant was subsequently refined to create a more stable hydrogel foam
using a solution containing aminated polyvinyl alcohol and glutaraldehyde. As the
air contained within the hydrogel foam diffuses out, it collapses leading to approxi-
mation of the tissues to which the surface of the hydrogel foam has attached. A pilot
study conducted across several sites in Germany enrolled 25 patients with heteroge-
neous emphysema, treating two to four subsegments initially with the potential to
repeat therapy in two additional sites if deemed necessary by the treating physician
[63]. Quality of life scores and 6-minute walking distance were improved in sub-
jects with both severe (GOLD III; n = 14) and very severe (GOLD 1V; n =7) airflow
obstruction (SGRQ —9.9 + 15.3 points and —6.7 = 7.0 points; 6 MWD +28.7 + 59.6 m
and +28.3 + 58.4 m). Meaningful improvements in RV/TLC (=7.4% =+ 10.3%),
FEV1 (+15.9% + 22.6%) and diffusing capacity (+19.3 + 34.8%) were observed in
GOLD III but not in GOLD IV subjects.

The second study evaluated the effects in ten patients with upper lobe disease and
ten with homogeneous disease [64]. Subjects received treatment to four subseg-
ments, two in each upper lobe. Upper lobe lung volumes assessed by quantitative
CT scan analysis were decreased by nearly 1 litre (—895 =484 mL, p < 0.001) with
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improvements in lung function-derived measures of hyperinflation (RV/TLC
7.2% = 12.7% and 10.9% =+ 14.0%). There were corresponding improvements in
FEV, (31.2% + 36.6% and 25.0% + 33.4%) and quality of life (SGRQ 8.0 + 17.2
points and 7.0 + 15.8 points) at both 6 and 12 months of follow-up. Improvements
relative to baseline in spirometry (FEV1 + 14.3% + 33.1%; FVC + 5.8% =+ 23.2%)
and diffusing capacity (+10.6% = 20.6%) continued to be seen at 2 years of follow-
up [65].

Despite these encouraging early results, development of the product was ham-
pered by the presence of a severe inflammatory response in some subjects. A pivotal
randomised controlled trial was initiated (95 out of planned 300 patients recruited)
but was not completed owing to funding shortfalls [66]. Nonetheless, at 3 months,
there were significant improvements in lung function, dyspnoea and quality of life
from baseline in the treatment group (n = 34) compared to the control group (n =23).
However, there were two deaths in the treated cohort, and 44% of treated patients
experienced an adverse event requiring hospitalisation. The technology has now
been acquired by Pulmonx, which is currently focussed on improving the safety
profile of the product.

Vapour Therapy

Vapour treatment utilises the effects of thermal energy to induce a localised fibrotic
response and subsequent lung volume reduction. This bronchoscopic thermal
vapour ablation (BTVA) technology uses steam delivered via the central channel of
a simple endobronchial balloon catheter to induce tissue remodelling and scarring,
resulting in volume loss in the target area. Animal studies demonstrated a dose-
dependent reduction in volumes of treated lobes [67], and whilst this was not dem-
onstrated in a first-in-human trial [68], there were clinically significant improvements
in the SGRQ (—15.3 points) and a reduction in the MRC dyspnoea score of 0.5
points, together with a 16% improvement in gas transfer. This trial demonstrated the
feasibility and safety of the technology, and a subsequent larger clinical trial in 44
subjects with upper lobe predominant disease [69] demonstrated significant changes
from baseline in FEV, (+141 ml), RV (=406 ml), 6MWD (+46.5 m), SGRQ (—14.0
points) and mMRC dyspnoea score (—0.9 points) at 6 months of follow-up. Some
benefit persisted out to 1 year, with sustained meaningful improvements in the
SGRQ, and statistically but not necessarily clinically significant changes in spirom-
etry, lung volumes and exercise capacity [70]. The main limitation was the inci-
dence of a more severe inflammatory response.

The STEP-UP study [71] was a randomised multicentre study which enrolled
subjects with upper lobe predominant emphysema to staged therapy with vapour.
The study was designed to exclude patients with too much lung destruction and
focussed more on patients with upper lobe predominant disease with a difference in
emphysema destruction scores of at least 15% between ipsilateral lobes. The treat-
ment algorithm was calculated for each individual patient based on the tissue-to-air
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ratio at a segmental level on CT scanning. The most destroyed segments were iden-
tified, and the dose of vapour energy to be delivered at the treatment site was calcu-
lated. The intention was that only one segment was treated at the first treatment and
up to two segments were treated during the second treatment (about 3 months later).
Forty-six patients were randomised to vapour therapy and 24 to standard of care.
The mean change in FEV1 in the treatment group was 11.0% (SD +/— 16.2) at
6 months compared to a change of —3.7% (+/—11.1) in the SOC group (p < 0-0001).
The mean change in SGRQ-C was —9.7 (+/—14.4) points at 6 months, compared to
0 (+/-9.8) points in the control group (p = 0.0021). At 6 months, there was an abso-
lute difference between the two arms in the 6MWT of 30-5 (+/—32) metres, but the
difference was not statistically significant. There was a greater incidence of adverse
events in the vapour treatment group: exacerbations (24%), pneumonitis (18%) and
one death (2%).

The 12-month data [72] demonstrated significant improvements in FEVI
(between-group difference 12.8%) and SGRQ (between group difference — 12.1
points) in patients treated with vapour. However, in this study, there were no signifi-
cant improvements in 6MWT at 12 months. As expected, there was an excess of
adverse events in the peri-procedure period with significantly more events in the
vapour group in the first 90 days post-treatment. However, there were no differences
in adverse event rates in the subsequent period (days 90-360) between the groups.

Accessory Airway Formation

In spite of the apparent successes of the techniques so far discussed, not all attempts
at minimally invasive lung volume reduction have lasted the course, and accessory
airway formation has been the conspicuous loser in this regard. The concept of
using extra-anatomical passages for the venting of trapped gas in severe emphy-
sema was first proposed by Peter Macklem in 1978 [73]. This idea has been devel-
oped in two different approaches, one venting air into the larger non-collapsible
airways (Broncus Technologies, Inc., Mountain View, CA) and the other taking the
more extreme option of venting directly through the chest wall (Portaero, Inc.,
Cupertino, CA).

Macklem’s basic concept was adapted by Joel Cooper and his group at
Washington University who developed a technique of creating bronchial fenestra-
tions held open by transbronchial stents to connect the diseased parenchyma with
the large airways. Whilst targeting the most severely affected areas of emphysema,
the procedure, unlike with endobronchial valves, also relied on the presence of col-
lateral ventilation to reduce the residual volume of the whole lung, and was shown
to improve the mechanical properties of explanted lungs [74, 75]. Experiments in
canine models indicated that the patency of plain stents was short-lived (all stents
occluded at 1 week), but that excellent stent patency rates could be achieved with
the regular application of mitomycin C [76]. Owing to the impracticality of topical
mitomycin C applications in patients, the anti-proliferative drug paclitaxel was used
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to coat the stents (Fig. 8.3a). Safety of the procedure was demonstrated in feasibility
studies in patients undergoing lobectomies for cancer or lung transplantation [77],
with significant improvements in lung function, dyspnoea, exercise capacity and
quality of life at 1 month, with the improvements in lung function and dyspnoea
remaining significant at 6 months.

Following on from these early results, the multicentre, randomised, double blind,
sham controlled Exhale Airway Stents for Emphysema (EASE) trial [78] investi-
gated the use of transbronchial airway stents in subjects with severe homogeneous
emphysema, creating connections between the coalesced airspaces of the emphyse-
matous lung and the (sub)segmental bronchi. Under bronchoscopic control, a nee-
dle was used to puncture the airway, the tract was dilated with a balloon, and a 5 mm
stent was placed across the airway wall (Fig. 8.3b). Subjects in the sham arm of the
trial had a bronchoscopy under general anaesthesia, with a scripted running com-
mentary delivered by the operator(s) to minimise the risk of unblinding owing to
partial anaesthesia. The bronchoscope was left in the trachea for a total of 1 hour
during these sham procedures. The primary end point combined a >12% change in
FVC and a 1 point or greater fall in mMRC, and a subject had to meet both criteria
to be considered a ‘responder’.

Although early improvements in lung function and breathlessness were apparent,
these were not sustained beyond 1 month, and a significant difference in the primary
end point responder rate existed only at day 1 post-procedure. The lack of response
appeared to be a result of an ongoing process of stent occlusion as the airway wall
attempted to repair itself, overcoming the anti-proliferative effects of paclitaxel.
Further work is needed to determine the exact nature of the airway reaction to stent
placement, and to identify better anti-proliferative drugs with which to coat the
stents (e.g. sirolimus, which is used to good effect in coronary artery stents),
although the cost of repeating such a large trial is likely to be prohibitive.

Fig. 8.3 Airway bypass stent (a) ex vivo and (b) placed across the wall in a segmental airway
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The second method involved the surgical creation of a transthoracic pneumono-
stoma (meaning that this technique can be considered to be only ‘less invasive’
rather than ‘minimally invasive’), through which a small plastic tube was inserted to
maintain patency and vent air. A pilot study reported changes in lung function mea-
sures, although not in exercise capacity or quality of life [79], and a larger multicen-
tre trial was initiated but never completed, and no results have ever been published.
Maintenance of tract patency was a particular issue, in much the same way as with
the airway bypass stents in the EASE trial [78], and some of the pilot study patients
subsequently required multiple tract dilatations.

Whilst the theory of accessory airways appears sound, the practical aspects of
implementing that theory have been more challenging than anticipated. These
investigations have not, however, been futile. The principle has been established, in
particular with the early EASE trial follow-up results, and the technique for airway
bypass has recently been adopted for use in the investigation of pulmonary nodules,
allowing direct access to parenchyma not otherwise accessible via the broncho-
scope [80].

Treatment of Giant Bullae

A bulla is defined as an airspace in the lung measuring more than 1 cm in diameter
in the distended state. Bullae are termed ‘giant” when they occupy one third of the
volume of the hemithorax, and can cause significant compression of the surround-
ing lung parenchyma [81]. Known as vanishing lung syndrome, or idiopathic giant
bullous emphysema, it is typically a consequence of cigarette smoking, although
increasingly the smoking of marijuana and other drugs is recognised as a causative
factor [82], possibly owing to the inhalation of hot gas through ‘bongs’ and associ-
ated breath holding.

Although the aetiology may be subtly different, giant bullous disease could be
seen as heterogeneous disease taken to its extreme, and surgery for giant bullous
disease, unlike traditional LVRS, has been practiced for several decades [83, 84].
However, there are no universally accepted criteria for intervention, and the litera-
ture is in very large part restricted to case series of surgical treatments with surpris-
ingly little prospective long-term data available, and no comparison of different
techniques for achieving decompression or excision. The received wisdom is that
surgical treatment of giant bullae gives universally excellent results, but what evi-
dence there is does not necessarily support this view even in stable patients.
Nonetheless, results following surgical bullectomy can be spectacular and genu-
inely life-changing in individual patients, with evidence to show persistence of ben-
efit out to at least 5 years [85]. Palla and colleagues recruited 41 patients undergoing
either thoracotomy or video-assisted thoracoscopy for the removal of giant bullae.
After surgery, there was a fall in dyspnoea scores, and a mean increase in FEV| at
the second year of follow-up of 489 mls, with a mean annual decrease thereafter of
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46mls. The mean intrathoracic gas volume decreased significantly and remained
constant throughout the entire follow-up period.

A less invasive method for surgically treating giant bullae is the use of intracavity
drainage, with a chest tube inserted into the bullous space via a minithoracotomy,
with localised pleurodesis [86], also known as the Brompton technique. Suction can
be applied to the drain to assist with the evacuation of air [87].

As with the surgical literature, there is a much smaller body of evidence for bron-
choscopic interventions for giant bullous disease. The first published technique, a
single case report, involved the direct aspiration of air from a bulla using a trans-
bronchial aspiration needle followed by 5 mls of autologous blood in a similar fash-
ion to blood pleurodesis [88]. The FEV, was seen to rise from 0.68 L to 1.20 L, and
there was an unquantified improvement in exercise capacity.

Two publications from Japan have reported significant reductions in static lung
volumes and dyspnoea in the treatment of a giant bulla [89] and bullous disease
associated with lymphangioleiomyomatosis [90] using the infusion of a blood and
thrombin mixture into the damaged lung via a flexible bronchoscope. This is similar
to the initial concept behind the forerunner to the emphysema lung sealant system
[61] which used a fibrinogen and thrombin mixture to induce volume loss. One
unanswered question with this technique, however, was how much of its action
could be attributed to the blood component of the mixture and how much to the
thrombin solution.

A pilot study of the use of 240 mls of autologous blood delivered via an extended
working channel under fluoroscopic guidance into the bullae of five patients [91]
has demonstrated dramatic clinical improvements, with large reductions in RV
(mean — 0.73 L), increases in FEV1 (mean + 17.3%), reductions in the SGRQ
(mean — 11.1 points) and increases in the 6MWD (mean + 88 m), all exceeding
minimal clinically important differences. Three patients had noticeable reductions
in the size of the bullae on CT scanning at 3 months, and these patients had consid-
erable and almost universal improvements across all outcome measures. Kanoh and
colleague [89] had already demonstrated a similar response, but crucially Zoumot
and colleagues did not use any additional clotting products in their procedures.
Success potentially provides the benefits of bullectomy without the surgical risk,
and failure would not hinder any subsequent surgical intervention. The slow reduc-
tion in the size of the bulla mitigates against the risk of pneumothorax from rapid
decompression, or any problems associated with rapid re-expansion of the com-
pressed lung. The exact mechanism of action, however, has yet to be determined for
intrabullous blood injection, but is probably a combination of inflammatory reac-
tion, obliteration of small ventilatory channels and other as yet undefined processes.
Although blood can cause the pleural surfaces to adhere and sclerose together, the
volume of blood injected into these non-decompressed bullae was not sufficient to
fill the bullae and for that mechanism of action to explain the bullous collapse/reab-
sorption seen. A larger multicentre study is ongoing to further characterise the
potential benefits of this procedure.
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Summary

There has traditionally been a rather nihilistic attitude towards emphysema and
COPD, but with recent advances in the understanding of aetiological, pathophysi-
ological and prognostic mechanisms, and the increase in treatment options, this
approach is no longer appropriate. The reported morbidity and mortality with surgi-
cal approaches have driven the development of bronchoscopic lung volume reduc-
tion, but recent data showing zero mortality across 81 unilateral LVRS procedures
(bilateral procedures were performed in the NETT [21]) suggests that with appro-
priate patient selection and in the right hands, the risks of surgery can be minimised
[26]. However, safety concerns about mortality and morbidity, in particular pro-
longed air leaks, persist.

Ironically, this interest in non-surgical treatments has actually resulted in a resur-
gence in surgical lung volume reduction, as multidisciplinary team meetings have
been developed and more patients with severe emphysema are being reviewed and
discussed. This increase in activity is likely to produce data supporting the role of
LVRS in special circumstances for new patient subgroups, but this is one area where
BLVR has the potential to increase the availability of treatment to those with severe
emphysema. The potential avoidance in risk directly associated with surgery (and
the replacement of general anaesthetic with conscious sedation in some circum-
stances) allows for those with other medical co-morbidities to be treated.

There is undoubtedly still a need for surgical lung volume reduction (e.g. in pre-
dominantly paraseptal disease), but the range of bronchoscopic treatments currently
under assessment should help to provide a wide range of patients with a number of
treatment options, and even combined treatments using different techniques to
achieve individualised treatment plans for best outcomes. However, one current
problem with the entire field of BLVR is the lack of robust control data. The open-
label nature of studies in which a number of efficacy parameters are subjective
means that one cannot exclude a significant placebo effect. The importance of this
in bronchoscopic intervention trials was well illustrated in the randomised, double
blind, sham controlled trial of bronchial thermoplasty in patients with asthma [92],
which demonstrated a large and significant increase in the asthma-related quality of
life in the placebo arm.

It may be that it is not the actual method of volume reduction per se that counts,
rather the choice of device based on patient characteristics. Results of recent BLVR
trials demonstrate very similar outcomes, with largely similar entry criteria. Some
techniques claim better results with certain outcome measures, and whether this
simply represents statistical variation is unclear. However, if these results hold true
in larger controlled studies, then they may allow further tailoring of products to
individuals depending on the severity of impairment of various parameters at the
time of treatment.

Pivotal trial data is certainly needed to establish BLVR as a routine treatment
option in most healthcare systems, and ultimately what is needed are large ran-
domised trials of the various BLVR techniques against each other, and including
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LVRS in those with upper lobe heterogeneous emphysema. These, however, are
unlikely ever to be performed owing to the huge investment (both of time and
money) that would be required to demonstrate differences between methods with
similar results.

One factor that could restrict access to BLVR is pricing. Publicly funded health-
care systems (and indeed insurance companies) may not be able to afford to offer
some or any of these technologies, and whilst there may be good reasons for using
BLVR over LVRS, such as disease distribution or co-morbidities, it is unappealing
to funding bodies to pay large sums of money (e.g. endobronchial coils cost around
€1000 per coil, and a complete bilateral procedure involves the insertion of 20 or
more coils) for a procedure with less substantial evidence of benefit than
LVRS. Companies now need to provide robust safety and cost-effectiveness analy-
ses, and this is one of the major challenges faced by the field. Nonetheless, BLVR
represents one of the few interventions shown to benefit those with emphysema, and
when used alongside surgical treatment options, provides a suite of interventions for
patients with severe emphysema in whom traditional medical management is not
sufficient.

References

1. Kemp SV, Polkey MI, Shah PL. The epidemiology, etiology, clinical features and natural his-
tory of emphysema. In: Choong C, Fergusuon M, editors. Thoracic surgical clinics: update
on surgical and endoscopic management of emphysema, vol. 2. Pennsylvania: WB Saunders;
2009. p. 149-58. ISBN 978-1-4377-0552-2.

2. Bonet T. Geneva: 1679. Sepulchretum sive anatonia pructica ex Cadaveribus Morbo dena-
tis, proponens Histoa’s Observations omnium pené humani corporis affectuum, ipsarcomoue
Causas recorditas revelans.

3. Morgagni GB. The seats and causes of disease. In: Alexander B, Miller A, Caldwell T, trans-
lators. Investigated by anatomys; in five books, containing a great variety of dissections, with
remarks. London: Johnson and Payne; 1769.

4. Laennec RTH. A treatise on the diseases of the chest and on mediate auscultation. Translated
by J. Forbes. Fourth London edition. Philadelphia: Thomas and Co.; 1835.

5. Gauthier AP, Verbanck S, Estenne M, et al. Three-dimensional reconstruction of the in vivo
human diaphragm shape at different lung volumes. J Appl Physiol. 1994;76:495-506.

6. Cypel M, Yeung JC, Liu M, et al. Normothermic ex vivo lung perfusion in clinical lung trans-
plantation. N Engl J Med. 2011;364:1431-40.

7. Trulock EP, Christie JD, Edwards LB, et al. Registry of the International Society for Heart and
Lung Transplantation: twenty-fourth official lung and heart-lung transplantation report — 2007.
J Heart Lung Transplant. 2007;26:782-95.

8. Cassivi SD, Meyers BF, Battafarano RJ, et al. Thirteen-year experience in lung transplantation
for emphysema. Ann Thorac Surg. 2002;74:1663-70.

9. Brantigan OC, Mueller E. Surgical treatment of pulmonary emphysema. Am Surg.
1957;23:789-804.

10. Delarue NC, Woolf CR, Sanders DE, et al. Surgical treatment for pulmonary emphysema. Can
J Surg. 1977;20:222-31.

11. Cooper JD, Trulock EP, Triantafillou AN, et al. Bilateral pneumonectomy (volume reduction)
for chronic obstructive pulmonary disease. J Thorac Cardiovasc Surg. 1995;109:106-16.



156 P. L. Shah and S. V. Kemp

12. Cooper JD, Patterson GA, Sundaresan RS, et al. Results of 150 consecutive bilateral lung
volume reduction procedures in patients with severe emphysema. J Thorac Cardiovasc Surg.
1996;112:1319-29.

13. Criner GJ, Cordova FC, Furukawa S, et al. Prospective randomized trial comparing bilateral
lung volume reduction surgery to pulmonary rehabilitation in severe chronic obstructive pul-
monary disease. Am J Respir Crit Care Med. 1999;160(6):2018-27.

14. Geddes D, Davies M, Koyama H, et al. Effect of lung-volume-reduction surgery in patients
with severe emphysema. N Engl J Med. 2000;343:239-45.

15. Lim E, Ali A, Cartwright N, Sousa I, et al. Effect and duration of lung volume reduction sur-
gery: mid-term results of the Brompton trial. Thorac Cardiovasc Surg. 2006;54:188-92.

16. Miller JD, Berger RL, Malthaner RA, et al. Lung volume reduction surgery vs medical treat-
ment: for patients with advanced emphysema. Chest. 2005;127:1166-77.

17. Bingisser R, Zollinger A, Hauser M, et al. Bilateral volume reduction surgery for dif-
fuse pulmonary emphysema by video-assisted thoracoscopy. J Thorac Cardiovasc Surg.
1996;112(4):875-82.

18. Daniel TM, Chan BB, Bhaskar V, et al. Lung volume reduction surgery. Case selection, opera-
tive technique, and clinical results. Ann Surg. 1996;223(5):526-31.

19. Health Care Financing Administration. Report to congress. Lung volume reduction surgery
and Medicare coverage policy: implications of recently published evidence. Baltimore: Health
Care Financing Administration; 1998.

20. National Emphysema Treatment Trial Research Group. Rationale and design of the National
Emphysema Treatment Trial (NETT): a prospective randomized trial of lung volume reduction
surgery. Chest. 1999;116(6):1750-61.

21. Fishman A, Martinez F, Naunheim K, et al. National Emphysema Treatment Trial Research
Group. A randomized trial comparing lung-volume-reduction surgery with medical therapy for
severe emphysema. N Engl J Med. 2003;348:2059-73.

22. Washko GR, Fan VS, Ramsey SD, et al. The effect of lung volume reduction surgery on chronic
obstructive pulmonary disease exacerbations. Am J Respir Crit Care Med. 2008;177(2):164-9.

23. National Emphysema Treatment Trial Research Group. Patients at high risk of death after
lung-volume-reduction surgery. N Engl J Med. 2001;345(15):1075-83.

24. Naunheim KS, Wood DE, Mohsenifah S, et al. Long term follow-up of patients receiving
lung- volume reduction surgery versus medical therapy for severe emphysema by the National
Emphysema Treatment Trial Research Group. Ann Thorac Surg. 2006;82:431-43.

25. Ramsey SD, Sullivan SD, Kaplan RM. Cost-effectiveness of lung volume reduction surgery.
Proc Am Thorac Soc. 2008;5(4):406—11.

26. Clark SJ, Zoumot Z, Bamsey O, Polkey MI, Dusmet M, Lim E, Jordan S, Hopkinson NS,
et al. Surgical approaches for lung volume reduction in emphysema. Clin Med (Lond).
2014:14(2):122-17.

27. Toma TP, Hopkinson NS, Hillier J, et al. Bronchoscopic volume reduction with valve implants
in patients with severe emphysema. Lancet. 2003;361:931-3.

28. Snell GI, Holsworth L, Borrill ZL, et al. The potential for bronchoscopic lung volume reduc-
tion using bronchial prostheses: a pilot study. Chest. 2003;124(3):1073-80.

29. Yim AP, Hwong TM, Lee TW, et al. Early results of endoscopic lung volume reduction for
emphysema. J Thorac Cardiovasc Surg. 2004;127(6):1564-73.

30. Wan 1Y, Toma TP, Geddes DM, et al. Bronchoscopic lung volume reduction for end-stage
emphysema: report on the first 98 patients. Chest. 2006;129(3):518-26.

31. Strange C, Herth FJ, Kovitz KL, et al. VENT Study Group. Design of the endobronchial valve
for emphysema palliation trial (VENT): a non-surgical method of lung volume reduction.
BMC Pulm Med. 2007;7:10.

32. Sciurba FC, Ernst A, Herth FJ, et al.; VENT Study Research Group.A randomized study of
endobronchial valves for advanced emphysema. N Engl J Med. 2010;363:1233-44.

33. Herth FJF, Noppen M, Valipour A, Leroy S, Vergnon J-M, Ficker JH, et al. Efficacy pre-
dictors of lung volume reduction with Zephyr valves in a European cohort. Eur Respir
J.2012;39:1334-42.



34.

3s.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

Lung Volume Reduction: Surgical Versus Endobronchial 157

Wood DE, McKenna RJ Jr, Yusen RD, et al. A multicenter trial of an intrabronchial valve for
treatment of severe emphysema. J Thorac Cardiovasc Surg. 2007;133(1):65-73.

Springmeyer SC, Bolliger CT, Waddell TK, et al. Treatment of heterogeneous emphysema
using the spiration IBV valves. Thorac Surg Clin. 2009;19(2):247-53, ix—x.

Ninane V, Geltner C, Bezzi M, et al. Multicentre European study for the treatment of advanced
emphysema with bronchial valves. Eur Respir J. 2012;39:1319-25.

Van Allen CM, Lindskog GE, Richter HG. Collateral respiration. Transfer of air collaterally
between pulmonary lobules. J Clin Invest. 1931;10:559-90.

Diso D, Anile M, Carillo C, et al. Correlation between collateral ventilation and interlobar lung
fissures. Respiration. 2014;88(4):315-9.

Eberhardt R, Gompelmann D, Schuhmann M, et al. Complete unilateral versus partial bilat-
eral endoscopic lung volume reduction in patients with bilateral lung emphysema. Chest.
2012;142(4):900-8.

Hopkinson NS, Kemp SV, Toma TP, et al. Atelectasis and survival after bronchoscopic lung
volume reduction for COPD. Eur Respir J. 2011;37(6):1346-51.

Venuta F, Anile M, Diso D, Carillo C, De Giacomo T, D'Andrilli A, Fraioli F, Rendina EA,
Coloni GF. Long-term follow-up after bronchoscopic lung volume reduction in patients with
emphysema. Eur Respir J. 2012;39(5):1084-9.

Garner J, Kemp SV, Toma TP, et al. Survival after endobronchial valve placement for emphy-
sema: a 10-year follow-up study. Am J Respir Crit Care Med. 2016;194(4):519-21.

Aljuri N, Freitag L. Validation and pilot clinical study of a new bronchoscopic method to
measure collateral ventilation before endobronchial lung volume reduction. J Appl Physiol.
2009;106(3):774-83.

Herth FJ, Eberhardt R, Gompelmann D, Ficker JH, Wagner M, Ek L, Schmidt B, Slebos
DJ. Radiological and clinical outcomes of using Chartis™ to plan endobronchial valve treat-
ment. Eur Respir J. 2013;41(2):302-8.

Davey C, Zoumot Z, Jordan S, et al. Bronchoscopic lung volume reduction with endobron-
chial valves for patients with heterogeneous emphysema and intact interlobar fissures (the
BeLieVeR-HIFi study): a randomised controlled trial. Lancet. 2015;386(9998):1066—73.
Klooster K, ten Hacken NH, Hartman JE, et al. Endobronchial valves for emphysema without
interlobar collateral ventilation. N Engl J Med. 2015;373(24):2325-35.

Criner GJ, Sue R, Wright S, et al.; LIBERATE Study Group.A multicenter randomized
controlled trial of Zephyr endobronchial valve treatment in heterogeneous emphysema
(LIBERATE). Am J Respir Crit Care Med. 2018;198(9):1151-64.

Kemp SV, Slebos DJ, Kirk A, et al.; TRANSFORM Study Team.A multicenter random-
ized controlled trial of Zephyr endobronchial valve treatment in heterogeneous emphysema
(TRANSFORM). Am J Respir Crit Care Med. 2017;196(12):1535-43.

Valipour A, Slebos DJ, Herth F, et al. IMPACT study team. Endobronchial valve therapy in
patients with homogeneous emphysema. Results from the IMPACT study. Am J Respir Crit
Care Med. 2016;194(9):1073-82.

Kemp SV, Zoumot Z, Mahadeva R, et al. Pneumothorax after endobronchial valve treatment:
no drain, no gain? Respiration. 2014;87(6):452-5.

Valipour A, Slebos DJ, de Oliveira HG, Eberhardt R, Freitag L, Criner GJ, Herth FJ. Expert
statement: pneumothorax associated with endoscopic valve therapy for emphysema--potential
mechanisms, treatment algorithm, and case examples. Respiration. 2014;87(6):513-21.
Klooster K, Ten Hacken NH, Slebos DJ. The lung volume reduction coil for the treatment of
emphysema: a new therapy in development. Expert Rev Med Devices. 2014;11:481-9.

Herth FJ, Eberhard R, Gompelmann D, Slebos DJ, Ernst A. Bronchoscopic lung volume
reduction with a dedicated coil: a clinical pilot study. Ther Adv Respir Dis. 2010;4:225-31.
Slebos DJ, Klooster K, Ernst A, Herth FJ, Kerstjens HA. Bronchoscopic lung volume reduction
coil treatment of patients with severe heterogeneous emphysema. Chest. 2012;142:574-82.
Klooster K, Ten Hacken NH, Franz I, Kerstjens HA, van Rikxoort EM, Slebos DJ. Lung vol-
ume reduction coil treatment in chronic obstructive pulmonary disease patients with homoge-
neous emphysema: a prospective feasibility trial. Respiration. 2014;88:116-25.



158 P. L. Shah and S. V. Kemp

56. Shah PL, Zoumot Z, Singh S, Bicknell SR, Ross ET, Quiring J, Hopkinson NS, Kemp SV;
RESET trial Study Group.Endobronchial coils for the treatment of severe emphysema with
hyperinflation (RESET): a randomised controlled trial. Lancet Respir Med. 2013;1:233-40.

57. Deslée G, Mal H, Dutau H, et al.; REVOLENS Study Group.Lung volume reduction coil treat-
ment vs usual care in patients with severe emphysema: the REVOLENS randomized clinical
trial. JAMA. 2016;315(2):175-84.

58. Sciurba FC, Criner GJ, Strange C, et al.; RENEW Study Research Group.Effect of endobron-
chial coils vs usual care on exercise tolerance in patients with severe emphysema: the RENEW
randomized clinical trial. JAMA. 2016;315(20):2178-89.

59. Hartman JE, Klooster K, Gortzak K, Ten Hacken NH, Slebos D. Long-term follow-up after
bronchoscopic lung volume reduction treatment with coils in patients with severe emphysema.
Respirology. 2015;20(2):319-26.

60. Zoumot Z, Kemp SV, Singh S, et al. Endobronchial coils for severe emphysema are eftective
up to 12 months following treatment: medium term and cross-over results from a randomised
controlled trial. PLoS One. 2015;10(4):e0122656.

61. Criner GJ, Pinto-Plata V, Strange C, et al. Biologic lung volume reduction in advanced upper
lobe emphysema: phase 2 results. Am J Respir Crit Care Med. 2009;179(9):791-8.

62. Refaely Y, Dransfield M, Kramer MR, et al. Biologic lung volume reduction therapy for
advanced homogeneous emphysema. Eur Respir J. 2010;36:20-7.

63. Herth FJ, Gompelmann D, Stanzel F, Bonnet R, Behr J, Schmidt B, Magnussen H, Ernst
A, Eberhardt R. Treatment of advanced emphysema with emphysematous lung sealant
(AeriSeal®). Respiration. 2011;82(1):36-45.

64. Kramer MR, Refaely Y, Maimon N, Rosengarten D, Fruchter O. Bilateral endoscopic sealant
lung volume reduction therapy for advanced emphysema. Chest. 2012;142(5):1111-7.

65. Kramer MR, Refaely Y, Maimon N, Rosengarten D, Fruchter O. Two-year follow-up
in patients treated with emphysematous lung sealant for advanced emphysema. Chest.
2013;144(5):1677-80.

66. Come CE, Kramer MR, Dransfield, et al. A randomised trial of lung sealant versus medical
therapy for advanced emphysema. Eur Respir J. 2015;46(3):651-62.

67. Emery MJ, Eveland L, Eveland K, et al. Lung volume reduction by bronchoscopic administra-
tion of steam. Am J Resp Crit Care Med. 2010;182:1282-91.

68. Snell GI, Hopkins P, Westall G, Holsworth L, Carle A, Williams TJ. A feasibility and safety
study of bronchoscopic thermal vapor ablation: a novel emphysema therapy. Ann Thorac Surg.
2009;88(6):1993-8.

69. Snell G, Herth FJ, Hopkins P, Baker KM, Witt C, Gotfried MH, Valipour A, Wagner M, Stanzel
F, Egan JJ, Kesten S, Ernst A. Bronchoscopic thermal vapour ablation therapy in the manage-
ment of heterogeneous emphysema. Eur Respir J. 2012;39(6):1326-33.

70. Herth FJ, Ernst A, Baker KM, Egan JJ, Gotfried MH, Hopkins P, Stanzel F, Valipour A, Wagner
M, Witt C, Kesten S, Snell G. Characterization of outcomes 1 year after endoscopic thermal
vapor ablation for patients with heterogeneous emphysema. Int J Chron Obstruct Pulmon Dis.
2012;7:397-405.

71. Herth FJ, Valipour A, Shah PL, et al. Segmental volume reduction using thermal vapour abla-
tion in patients with severe emphysema: 6-month results of the multicentre, parallel-group,
open-label, randomised controlled STEP-UP trial. Lancet Respir Med. 2016;4(3):185-93.

72. Shah PL, Gompelmann D, Valipour A, et al. Thermal vapour ablation to reduce segmental
volume in patients with severe emphysema: STEP-UP 12 month results. Lancet Respir Med.
2016;4(9):e44-5.

73. Macklem PT. Collateral ventilation. N Engl J Med. 1978;298:49-50.

74. Lausberg HF, Chino K, Patterson GA, et al. Bronchial fenestration improves expiratory flow in
emphysematous human lungs. Ann Thorac Surg. 2003;75:393-8.

75. Choong CK, Macklem PT, Pierce JA, et al. Airway bypass improves the mechanical properties
of explanted emphysematous lungs. Am J Respir Crit Care Med. 2008;178:902-5.



76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Lung Volume Reduction: Surgical Versus Endobronchial 159

Choong CK, Haddard FJ, Gee EY, et al. Feasibility and safety of airway bypass stent place-
ment and influence of topical mitomycin C on stent patency. J Thorac Cardiovasc Surg.
2005;129:632-8.

Rendina EA, De Giacomo T, Venuta F, et al. Feasibility and safety of the airway bypass proce-
dure for patients with emphysema. J Thorac Cardiovasc Surg. 2003;125:1294-9.

Shah PL, Slebos DJ, Cardoso PF, Cetti E, Voelker K, Levine B, Russell ME, Goldin J, Brown
M, Cooper JD, Sybrecht GW; EASE trial study group.Bronchoscopic lung-volume reduction
with exhale airway stents for emphysema (EASE trial): randomised, sham-controlled, multi-
centre trial. Lancet. 2011;378(9795):997-1005.

Moore AJ, Cetti E, Haj-Yahia S, Carby M, Bjorling G, Karlsson S, Shah P, Goldstraw P,
Moxham J, Jordan S, Polkey MI. Unilateral extrapulmonary airway bypass in advanced
emphysema. Ann Thorac Surg. 2010;89(3):899-906, 906.e1-2

Herth FJ, Eberhardt R, Sterman D, et al. Bronchoscopic transparenchymal nodule access
(BTPNA): first in human trial of a novel procedure for sampling solitary pulmonary nodules.
Thorax. 2015;70(4):326-32.

Roberts L, Putman CE, Chen JT, et al. Vanishing lung syndrome: upper lobe bullous pneu-
mopathy. Rev Interam Radiol. 1987;12:249-55.

Johnson MK, Smith RP, Morrison D, et al. Large lung bullae in marijuana smokers. Thorax.
2000;55:340.

Ray JF 3rd, Lawton BR, Smullen WA, Myers WO, Sautter RD. Effective surgical palliation of
giant compressive bullous emphysema (vanishing lung syndrome): long-term follow-up. Am
Surg. 1976;42:181-5.

Laros CD, Gelissen HJ, Bergstein PG, Van den Bosch JM, Vanderschueren RG, Westermann
CJ, Knaepen PJ. Bullectomy for giant bullae in emphysema. J Thorac Cardiovasc Surg.
1986;91:63-70.

Palla A, Desideri M, Rossi G, Bardi G, Mazzantini D, Mussi A, Giuntini C. Elective sur-
gery for giant bullous emphysema: a 5-year clinical and functional follow-up. Chest.
2005;128(4):2043-50.

Goldstraw P, Petrou M. The surgical treatment of emphysema. The Brompton approach. Chest
Surg Clin N Am. 1995;5:777-96.

Wang H, Xu Z, Gao W. A modified Brompton technique for the treatment of giant bulla in
patients with diffuse emphysema. Thorac Cardiovasc Surg. 2012;60:161-3.

Bhattacharyya P, Sarkar D, Nag S, Ghosh S, Roychoudhury S. Transbronchial decompression
of emphysematous bullae: a new therapeutic approach. Eur Respir J. 2007;2:1003-6.

Kanoh S, Kobayashi H, Motoyoshi K. Bronchoscopic blood injection reducing lung volume in
lymphangioleiomyomatosis. Ann Thorac Surg. 2009;87(4):1266-8.

Kanoh S, Kobayashi H, Motoyoshi K. Intrabullous blood injection for lung volume reduction.
Thorax. 2008;63(6):564-5.

Zoumot Z, Kemp SV, Caneja C, Singh S, Shah PL. Bronchoscopic intrabullous autologous
blood instillation: a novel approach for the treatment of giant bullae. Ann Thorac Surg.
2013;96(4):1488-91.

Castro M, Rubin AS, Laviolette M, Fiterman J, De Andrade LM, et al. Effectiveness and safety
of bronchial thermoplasty in the treatment of severe asthma. A multicentre, randomized, dou-
ble blind, sham controlled clinical trial. Am J Respir Crit Care Med. 2010;181:116-24.



Chapter 9 )
Surgical Versus Medical Management b
of Anastomotic Dehiscence
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Anastomotic dehiscence is one of the most serious airway complications following
lung transplantation. Development of airway dehiscence in the modern age of lung
transplantation is rare. While anastomotic dehiscence is estimated to occur in less
than 2 percent of transplantations, it is often associated with high morbidity and
mortality [1-3]. The development of anastomotic dehiscence can occur from a num-
ber of etiologies, but the most common cause is thought to result from extreme
mucosal necrosis [4, 5]. The diagnosis and treatment of anastomotic dehiscence
following lung transplantation requires close collaboration between interventional
pulmonologists and thoracic surgeons. Although management approaches may vary
between the two specialties, the end goal is the same: salvage of the allograft.
Expeditious treatment of anastomotic dehiscence is essential to ensure viability of
the allograft and survival of the transplant recipient.

Anastomotic dehiscence following lung transplantation is characterized by
necrosis leading to full-thickness anastomotic separation of the bronchial wall.
Multiple grading systems have been proposed to describe airway complication fol-
lowing lung transplantation. Courad et al. published an early schema in 1992 based
on bronchoscopic appearance of anastomosis on day 15 [6]. This system is graded
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as grade 1, complete primary mucosal healing; grade 2a, complete primary healing
without necrosis, partial primary mucosal healing; grade 2b, complete primary heal-
ing without necrosis, no primary mucosal healing; grade 3a, limited focal necrosis
(extending less than 5 mm from the anastomotic line); and grade 3b, extensive
necrosis. However, this system does not address anastomotic stenosis, granulation
tissue formation, or other potential findings with airway complications. Santacruz
and Mehta have categorized airway complications following lung transplantation
into six groups: stenosis, necrosis and dehiscence, exophytic granulation tissue,
malacia, fistulae, and infections [7]. This system, however, does not differentiate
anastomotic dehiscence from necrosis. The French Language Pulmonary Society
(FLPS) has also proposed a system based on the macroscopic appearance, diameter,
and suture (MDS) in 2013 [8]. The MDS system, however, lacks terminology for
the severity of ischemia or necrosis. The International Society for Heart and Lung
Transplantation (ISHLT) also offers a grade of dehiscence by location (cartilagi-
nous, membranous, both) and extent (0-25%, >25-50%, >50% to 75%, >75% of
circumference) [9].

While some of the major risk factors associated with anastomotic dehiscence
include surgical technique, perioperative steroids, acute rejection, infection, inade-
quate organ preservation, and immunosuppression, the primary cause is thought to
be anastomotic ischemia [10, 11]. Following transplantation, the bronchial arteries
are not typically revascularized, and thus the donor tracheobronchial blood supply
initially derives from retrograde perfusion from the pulmonary arteries. Ultimate
formation of collateral blood supplies to the donor lung and the anastomosis may
take up to 6 weeks. Additionally, infections including Aspergillus along with the use
medications, such as sirolimus, in the early postoperative period have also been
strongly correlated with anastomotic dehiscence [12].

Common clinical signs and symptoms of anastomotic dehiscence include short-
ness of breath, sudden subcutaneous emphysema, pneumomediastinum, pleural
effusion on the affected side, or a pneumothorax on chest radiograph [11]. Placement
of a chest tube into the affected pleural space may result in a persistent air leak or
infected pleural fluid. Unfortunately, the development of dehiscence may quickly
result in infection of the allograft with potential for respiratory failure, septic shock,
and even death.

Interventional Pulmonologist Approach
to Anastomotic Dehiscence

Bronchoscopic inspection is essential in diagnosing and assessing an anastomotic
dehiscence. While radiographic imaging in the form of a computer tomographic
(CT) scan of the chest is sensitive for detecting anastomotic breakdown, endobron-
chial assessment confirms the diagnosis and helps determine if a bronchoscopic
intervention is feasible. If definitive bronchoscopic treatment is not feasible, tempo-
rizing interventions may be possible until surgical correction is performed.
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The severity of anastomotic dehiscence determines if bronchoscopic treatments
will be successful. Partial anastomotic dehiscence can often be treated conserva-
tively with close surveillance and antibiotic therapy, in both intravenous and inhaled
forms [1]. Conversely, full-thickness dehiscence without complete anastomotic
breakdown can initially be managed with endobronchial stent placement. Utilization
of an airway stent as the means for treatment must be closely monitored in the
weeks and months following placement to ensure that the dehiscence is improving.
Additional endoscopic treatments for severe anastomotic dehiscence include cyano-
acrylate glue, growth factors, and autologous platelet-derived wound healing factor
[13]. If no significant improvement is noted after initial bronchoscopic treatment,
surgical treatment should be performed.

The use of self-expanding metallic stents (SEMS) is the cornerstone of the bron-
choscopic treatment of severe anastomotic dehiscence without complete anasto-
motic breakdown. The ability to capitalize on scarring properties of uncovered
SEMS allows for airway remodeling. The SEMS serves as a lattice for granulation
tissue to form and reestablish a durable airway. The feasibility of treating severe
anastomotic dehiscence bronchoscopically depends on the ability to stent across the
defect. Uncovered SEMS are preferred to avoid bacterial colonization of the stent
coating and to allow drainage of mediastinal and bronchial secretions while still
allowing for ventilation of the involved lobes [11]. Typically, SEMS are left in place
for 4 to 6 weeks to allow for adequate granulation formation to cover the defect. If
sufficient scarring is not present after 4 to 6 weeks, regular surveillance bronchos-
copies should be performed to determine when the defect is closed. When the defect
is closed, the stent should be removed. Extreme caution must be exercised when
removing the stent to avoid recreating the defect or making the dehiscence worse.

While the bronchoscopic interventions are the most desirable management
option for anastomotic dehiscence, the potential for treatment failure exists. Stent
migration, infection, and invasion into neighboring vascular structures are potential
risks to consider. In circumstances when healing is not achieved or the risk of com-
plication outweighs the benefits, surgical intervention should be seriously
considered.

Surgical Approach to Anastomotic Dehiscence

Surgical Prevention of Anastomotic Dehiscence

Various surgical techniques have been developed and refined to reduce the incidence
of anastomotic dehiscence and airway complications. Earlier anastomotic techniques
involved a telescoping approach; however, this has been abandoned due to overall
increased rates of anastomotic stenoses and infections [10, 11]. Some success has
been achieved using a continuous running polydioxanone suture along the membra-
nous portion and interrupted simple or figure-of-eight suture along the cartilaginous
portion versus an interrupted simple suturing technique all around [4, 10, 14].
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Care must also be taken to ensure adequate, but not excessive, length of the
donor bronchus. The donor bronchus should be cut obliquely, within one to two
rings of the upper lobe bronchus origin in order to minimize length of tissue at risk
for perioperative ischemia [4, 9, 10], The use of autologous tissue flaps using the
omentum, pericardium, or intercostal tissue have been tried during the primary pro-
cedure; however, randomized controlled trials have not demonstrated a significant
difference in airway complication and routine use of anastomotic wrapping has
fallen out of favor [15]. Bronchial artery revascularization (BAR) has also been used
in an attempt to decrease airway complications. Although there is postoperative
angiographic evidence of bronchial perfusion with BAR, this technique adds addi-
tional technical complexity, increases graft ischemic time, and often requires car-
diopulmonary bypass [9, 16].

Surgical Treatment of Anastomotic Dehiscence

Regardless of classification schemes, most cases of anastomotic dehiscence are
incomplete. The occurrence of partial dehiscence may respond to management with
close bronchoscopic monitoring, aggressive treatment of associated infection with
culture targeted antibiotic and antifungal medication, and endobronchial therapy
[10, 11, 17, 18]. There are no published guidelines on absolute indicators for failure
of conservative management as an indication for operative intervention for anasto-
motic dehiscence. Principles of surgical management of anastomotic dehiscence
involve management of the ongoing air leak with chest tube drainage, debridement
of devitalized tissue, and local and systemic control of infection. Most cases of
anastomotic dehiscence requiring surgery necessitate more than local debridement
of devitalized tissue and primary closure with pericardial buttress, pleural flap, or
other autologous tissue pledget or reinforcement [19-23]. Thus, the major surgical
approach for operative management of anastomotic dehiscence requires resection
and reanastomosis of the airway or consideration of allograft pneumonectomy with
or without re-transplantation.

Airway reanastomosis in these circumstances is challenging due to the re-
operative nature of the field, the poor tissue quality, relative ischemia, and, in many
cases, the presence of infection [9, 11, 24]. Preoperative planning should also con-
sider the likelihood for need of extracorporeal membrane oxygenation (ECMO)
assistance during and after the operation, if not before [19, 20]. Preoperative bron-
choscopy can delineate the location and extent of the necrosis. Isolated necrosis
from a donor main bronchus may demonstrate a clear technical cause for dehis-
cence. This pattern of dehiscence lends itself to resection with re-anastomosis.
Much of our experience dealing with anastomotic complication is from treating
post-lung resection bronchial complication or tracheobronchial strictures and fistula
unrelated to transplantation [15, 21-23, 25]. Consideration ought to be given that in
the post-transplant period, the bronchus is relatively ischemic due to the lack of
bronchial blood supply. This emphasizes the need to reinforce most of the surgical
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re-intervention with vascularized tissue. The reanastomosis should be performed in
a standardized fashion without undue telescoping and should be buttressed with
autologous vascularized tissue. Autologous tissue options include pedicled mam-
mary, omentum brought through a small central tendon incision, intercostal muscle
flap, pericardial flap, pleural flap, and intra-thoracic transfer of serratus anterior
muscle or latissimus dorsi on its vascular pedicle [10, 23-28].

Extensive necrosis at the site of dehiscence may require a significant amount of
debridement, causing tissue loss and the shortening of distance between the donor
and recipient bronchus. This places the patient at further risk of bleeding complica-
tions and need for tissue coverage. Aortic homograft may provide an option to
bridge the gap between donor and recipient bronchi. The homograft may also be
buttressed further with vascularized autologous tissue flap [19, 20]. In these circum-
stances, a serratus anterior muscle or latissimus dorsi provides the tissue bulk to
cover the repair or the defect itself, but note that if the latissimus dorsi was tran-
sected during the initial operation, this muscle may not be suitable.

Finally, allograft pneumonectomy remains an option of last resort with the pos-
sibility of re-transplantation depending upon patient status and organ availability.
Colonization with highly resistant bacteria or fungi and unstable clinical status
remain relative contraindications to re-transplantation. Individuals requiring re-
transplant for airway complication have an overall poorer prognosis.
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Chapter 10
Benign Tracheal Stenosis: Medical Versus
Surgical Management

Check for
updates

Hyun S. Kim, Catherine L. Oberg, Sandeep Khandhar, and Erik E. Folch

Introduction

Tracheal stenosis is a subset of airway diseases that is associated with significant
morbidity and mortality. The clinical manifestations include dyspnea, fatigue, chest
discomfort, wheezing, and stridor. Tracheal stenosis and to a broader scale central
airway obstruction, which includes the stenosis of the trachea, bilateral mainstem
bronchi, and the bronchus intermedius, are classically divided into malignant and
benign etiologies. Malignant tracheal stenosis is more common than benign etiolo-
gies and can be caused by malignancies of the airway or lung parenchyma, as well
as metastatic tumors from distant structures or adjacent organs [1, 2]. Benign causes
of tracheal stenosis are extremely varied, and include iatrogenic, inflammatory,
infiltrative, infectious, and functional causes. The evaluation of tracheal stenosis is
comprised of both functional and structural investigative modalities and usually
requires a multidisciplinary team that includes chest radiologists, thoracic anesthe-
siologists, thoracic surgeons, and interventional pulmonologists. With increasingly
sophisticated treatment modalities available to the interventional pulmonologists,
the outcome of airway procedures is extremely effective in achieving both symp-
tomatic relief and a significant improvement in airway dimension. In this chapter,
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the etiology, pathogenesis, diagnostic approaches, available treatment modalities,
and future directions of benign tracheal stenosis will be reviewed.

Scope of the Problem

Tracheal Anatomy

The trachea is part of the lower airway and begins at the distal aspect of the cricoid
cartilage at the level of the sixth cervical vertebra, ending at the main carina at the
level of the intervertebral disc between the T4 and TS5 vertebrae. The normal length
of the trachea is between 10 and 13 cm in males and is slightly shorter in females
[3]. The usual internal diameter ranges between 16 and 20 mm. It is composed of
18-22 C-shaped cartilages that support the anterior and lateral aspect of the trachea,
with a posterior membranous wall composed of the trachealis muscle that connects
the tracheal cartilages. The upper (cervical) trachea is supplied by the branches of
the inferior thyroid artery and thyrocervical trunks that arise from the subclavian
arteries, and the lower (thoracic) trachea is supplied by the bronchial arteries directly
arising from the aorta. The deoxygenated blood from the trachea is drained by tra-
cheal veins which join the laryngeal vein or drain directly into the left inferior thy-
roid vein. Stenosis of the trachea can occur anywhere along its longitudinal axis and
originate from either the cartilaginous or the membranous walls.

Etiology of Tracheal Stenosis

Benign tracheal stenosis can be categorized into four groups: mechanical, systemic/
inflammatory, infectious, and idiopathic. Mechanical causes include post-intubation
tracheal stenosis (PITS), post-tracheostomy tracheal stenosis (PTTS), post-surgical
tracheal stenosis, stenosis after lung transplantation, airway stent-related stenosis,
and compression from an external entity such as mediastinal lymphadenopathy or
tumor [4, 5].

PITS and PTTS represent a unique and paradoxical challenge given their iatro-
genic nature. The risk factors for tracheal stenosis following intubation and trache-
ostomy tube placement are prolonged intubation, particularly if exceeding 7 days,
and excessive balloon cuff pressure (>20 cm H,O) [6]. The incidence is estimated to
be as high as 21%, though only about 1-2% of these patients develop severe steno-
sis or symptoms [7, 8]. The stenosis usually takes place at the cuff site for PITS and
PTTS and can also occur at the level of the tracheostomy stoma for patients with
chronic tracheostomy. The microscopic examination of patients with PITS and
PTTS reveals mucosal hemorrhage and ulceration in its early stages and progresses
to deeper ulcerations exposing cartilaginous rings, which are then predisposed to
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dissolution and fragmentation. Further progression of this ischemic injury results in
fibrosis and stenosis [9]. High-volume and low-pressure endotracheal and tracheos-
tomy tube cuffs have been developed to more easily adapt to the shape and contour
of the trachea without excessive cuff pressures, thereby markedly reducing the inci-
dence of cuff-related ischemic injury [10, 11].

Systemic/inflammatory causes include granulomatous processes such as granu-
lomatosis with polyangiitis (GPA), sarcoidosis, and inflammatory bowel diseases;
cartilaginous disorders such as relapsing polychondritis, tracheobronchopathia
osteochondroplastica, tracheobronchomalacia (TBM), and excessive dynamic air-
way collapse (EDAC); and finally, amyloidosis. Infectious etiologies include tuber-
culosis, fungal infections caused by Aspergillus and Cryptococcus, recurrent
respiratory papillomatosis caused by human papillomavirus (HPV) types 6 and 11,
and rhinoscleroma, a rare upper airway disorder caused by Klebsiella rhinosclero-
matis. Endobronchial tuberculosis is quite common in various parts of the world
with the incidence in some studies quoted at over 50% of pulmonary tuberculosis
cases [12]. Endobronchial fungal infections are more commonly diagnosed in
immunosuppressed patients [13]. The most common causes of benign tracheal ste-
nosis are tumors, PITS, PTTS, and TBM/EDAC [5, 6].

Presentation and Diagnostic Evaluation

Clinical Features

With mild tracheal stenosis, patients may exhibit no signs and symptoms of airway
obstruction. The typical symptoms of dyspnea, wheezing, cough, and stridor are
dependent on the patient’s functional status, cardiopulmonary comorbidities, the
degree of the stenosis, the time course over which the stenosis developed, and the
sequela of airway obstruction. Although the onset and progression of symptoms
depends on multiple factors, one of the key elements contributing to work of breath-
ing stems from turbulent airflow in the trachea [14]. Airway lumen flow is dictated
by Poiseuille’s law of fluid dynamics; therefore, turbulent flow of air across a ste-
notic lumen causes an inefficient respiratory cycle, resulting in higher energy
expenditure and increased work of breathing. In a study using computational fluid
dynamics (CFD), a tracheal obstruction of >75% was associated with a significant
pressure drop over the stenosis, which correlated clinically with increased work of
breathing [15]. Usually, tracheal narrowing to 8 millimeters (mm) results in dyspnea
on exertion, whereas narrowing to 5 mm or less will result in dyspnea at rest.
Hypoxemia and/or hypercapnia may be absent in patients with no underlying car-
diopulmonary comorbidities.

As the causes of benign tracheal stenosis are very heterogenous, it is crucial to
consider the underlying etiology that led to the airway obstruction. Patients with
pulmonary sarcoidosis, tuberculosis, and vasculitis may have additional symptoms
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of excessive cough, wheezing, and hemoptysis unrelated to the tracheal stenosis.
Similarly, benign tracheal stenosis from extrinsic compression from mediastinal
disease, esophageal disease, or thyroid disease may have signs and symptoms relat-
ing to its respective organ dysfunction. Thus, it is imperative to thoroughly assess
the patient for comorbidities and approach each case of stenosis with a systematic
and logical diagnostic workup while maintaining a high index of suspicion in
patients with a history of intubation, tracheostomy, or a known systemic disease that
can affect the tracheobronchial tree.

Spirometric Evaluation

There are several diagnostic tools available to assess the severity and location of the
tracheal stenosis. The exact sequence and combination of these modalities, how-
ever, should be tailored to each individual patient. For example, a patient presenting
with acute signs and symptoms of airway obstruction will not be stable enough to
undergo a pulmonary function test (PFT) or even a chest computed tomography
(CT). Instead, the patient should be managed with airway stabilization first prior to
any diagnostic or therapeutic endeavors by the interventional pulmonologist or tho-
racic surgeon.

PFTs should be considered in patients with suspected tracheal stenosis who are
clinically stable or to follow disease severity clinically once the diagnosis of tra-
cheal stenosis has been made. Spirometric assessment with a flow-volume loop can
show defects in the effort-dependent part of the curve in three classic patterns: (1)
flattening of both expiratory and inspiratory limbs from fixed airway obstruction
(tracheal stenosis, non-dynamic endotracheal tumors, bronchial obstructions), (2)
flattening of the expiratory limb from variable intrathoracic obstruction (dynamic
tumors of lower trachea, TBM, external compression of lower trachea), and (3) flat-
tening of the inspiratory limb from variable extrathoracic obstruction (vocal cord
paralysis, extrathoracic goiter, dynamic tumors of hypopharynx, laryngeal tumors).
The advantages of PFTs are objective quantification of the airway disease, assess-
ment of other comorbidities that may be present such as restrictive parenchymal
disease, and assessment of pre- and post-procedural spirometric function. However,
flow limitation may not be apparent in patients with an airway lumen greater than
8—10 mm [16]; hence, the spirometric diagnosis of tracheal stenosis has poor sensi-
tivity. Moreover, spirometric abnormalities can be confounded by other obstructive
lung diseases such as asthma, bronchiolitis, bronchiectasis, or chronic obstructive
pulmonary disease (COPD). Thus, isolating the spirometric defect caused by tra-
cheal stenosis can be very difficult. For these reasons, PFTs should not be used
exclusively to rule out tracheal stenosis. Also, due to the possibility of inducing
respiratory compromise with repeated forced expiratory maneuvers in patients with
a tenuous respiratory status, PFTs should not be used in patients with ongoing respi-
ratory distress or severe tracheal stenosis evidenced by imaging studies.
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Once the diagnosis of tracheal stenosis has been made via a combination of diag-
nostic modalities, PFTs can be useful in disease surveillance and as an adjunctive
objective diagnostic modality. In a series of 42 patients with idiopathic subglottic
stenosis, peak expiratory flow was associated with high sensitivity (84.4%) and
specificity (82.0%) for identifying patients who would require surgical intervention
within 2 months [17].

Radiographic Evaluation

Chest radiographs are often performed due to convenience, efficiency, portability,
and cost-effectiveness. Chest radiographs should be considered in all patients with
suspected tracheal stenosis as they may reveal pathology of the airways and the lung
parenchyma [18]. The radiographs may show tracheal deviation or mediastinal shift
due to mass effect, lung parenchymal consolidation due to complete obstruction of
airway or post-obstructive process, or signs of underlying lung disease associated
with tracheal stenosis. However, they are rarely diagnostic due to the inherent nature
of the study, which does not allow for a full three-dimensional visualization of the
tracheal lumen and its nearby structures. In clinical practice, chest radiographs are
more readily utilized in assessing complications of airway procedures such as pneu-
mothorax, pneumomediastinum, and atelectasis. They also allow for a quick assess-
ment of metallic stent positioning, change in lung aeration, and as a reference for
future assessments.

Computed tomography (CT) imaging of the chest has become an invaluable tool
in the diagnostic and pre-procedural phase of any airway disease. It provides a
detailed anatomic assessment of the trachea, such as the degree of obstruction, the
location of stenosis, anatomic relationship to other key structures, and intraluminal
versus extraluminal nature of an obstructing lesion. The information obtained from
the CT scan is useful in procedural planning as one can estimate stent sizing, tra-
cheobronchial tree anatomy, and radiographic features that can help determine the
chronicity of airway obstruction and distal parenchymal collapse.

CT imaging technology has markedly improved, and imaging protocols allow for
(1) an improved resolution, (2) a decrease in motion artifact, and (3) a short breath-
hold time required to obtain images. In addition, the cost of CT scans has decreased
significantly, allowing patients and physicians to obtain these sophisticated imaging
studies more frequently without a prohibitive financial burden to the payer. One of
the main advantages of the CT scan as compared to a bronchoscopic evaluation of
tracheal stenosis is that CT allows for visualization of the airways, lung paren-
chyma, and other key structures that are distal to the obstruction, which may not be
possible with bronchoscopic evaluation. This distal visualization allows assessment
of the feasibility of lung aeration, complexity of the airway lesion, and possible
complications that may be encountered during the procedure.
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However, there are several limitations of CT scans. In addition to radiation expo-
sure, CT scans cannot differentiate a true airway lesion versus inspissated mucus in
the airways. Additionally, with older CT scans that have lower resolutions and
thicker slices, thin tracheal webs can often go undetected. Furthermore, a full visu-
alization of complex airway lesions and their relations to nearby key structures is
difficult even with multiplanar reconstructed images. Hence, the dynamic airway
protocol of the trans-axial CT was developed to counter the “static”’ nature of the CT
evaluation for airway diseases and allows for a luminal assessment of the airway
with forced inspiratory and expiratory maneuvers in order to gage dynamic airway
collapse. This protocol has shown to have high sensitivity and negative predictive
value in pediatric patients with EDAC/TBM [19]. However, CT scans are not sensi-
tive in detecting early or mild airway disease. In order to improve visualization of
more complex airway lesions, newer imaging protocols have been developed to
allow for a three-dimensional reconstruction of the airways and generate a virtual
bronchoscopic view of the trachea, mainstem bronchi, and the bronchial tree down
to the fourth order of the airway tree. This virtual bronchoscopy simulates a bron-
choscopic evaluation prior to the actual bronchoscopy [20]. Virtual bronchoscopy
can further aid the interventional pulmonologist in more comprehensive preopera-
tive planning.

Laboratory Evaluation

Blood work and serologies play a limited, adjunctive role in the workup of tracheal
stenosis. In GPA, 80-90% will have a positive antineutrophil cytoplasmic antibody
(ANCA) study, with c-ANCA being the most common [21]. Importantly, 10% of
patients with GPA are ANCA negative [22]. Patients with relapsing polychondritis
may have elevated inflammatory markers, such as erythrocyte sedimentation rate or
C-reactive protein; however, these are nonspecific. Serum angiotensin-converting
enzyme (ACE) levels are occasionally measured in the evaluation of sarcoidosis;
however, they have limited use given poor sensitivity and a nearly 10% rate of false
positives [23].

Bronchoscopic Evaluation

Interventional pulmonologists play key roles in diagnostic and therapeutic proce-
dures in patients with suspected tracheal stenosis. Bronchoscopic evaluation should
always be considered in patients with tracheal stenosis and central airway obstruc-
tion. Direct visualization of the airways allows for characterization of the intralumi-
nal stenosis with respect to the location, degree, extent, and conformation of the
stenosis. Additionally, one can evaluate the dynamic nature of the lesion as well as
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any concerning mucosal abnormalities. Chromoendoscopy using narrow band
imaging (NBI) at the time of bronchoscopy may help in assessing malignant fea-
tures, such as neovascularity and mucosal hyperemia. Compared to traditional white
light bronchoscopy, the use of NBI has an increased sensitivity (86% vs. 70%) and
specificity (81% vs. 66%) for detecting invasive airway cancer [24].

Bronchoscopic information serves as a crucial step in procedural and operational
planning for both interventional pulmonologists and thoracic surgeons. However,
flexible bronchoscopy may be difficult and can potentially lead to accelerated respi-
ratory failure in patients with severe tracheal stenosis and airway narrowing. First,
the size of the bronchoscope may occlude an already narrowed airway, thus further
impeding oxygenation and ventilation. One method to mitigate this risk is by using
an ultrathin bronchoscope which has a diameter as small as 3.1 mm. Second, seda-
tion used during bronchoscopy can cause relaxation of the respiratory muscles,
which may worsen airway narrowing and lead to respiratory failure.

Performing airway biopsies can help elucidate the histopathologic and microbio-
logic diagnosis of airway lesions such as hamartomas, endobronchial tuberculosis
or aspergillosis, and granulomatous diseases. However, the blood and mucosal
edema from the biopsy site can contribute to airway compromise and impaired oxy-
genation. Thus, it is crucial that the bronchoscopy be performed by an experienced
bronchoscopist. Due to the complexity of bronchoscopic evaluation, there is contro-
versy around performing flexible bronchoscopy as a surveillance/planning tool ver-
sus deferring the bronchoscopy to the time of definitive treatment [25]. In many
clinical practices with a high volume of airway diseases, flexible bronchoscopy is
often performed at the time of therapeutic rigid bronchoscopy for the aforemen-
tioned reasons.

Classification of Tracheal Stenosis

One of the first classification tools which allowed for a more uniform approach to
airway stenosis was developed in 1994 by Myer and Cotton, known as the Myer-
Cotton airway grading system. The grading system classifies the degree of subglot-
tic stenosis into four grades: Grade I (<50% luminal obstruction), Grade I1 (51-70%),
Grade III (71-99%), and Grade IV (100%) [26]. Although it was widely adopted in
clinical practice, its use was limited as it described only the subglottic region and
did not account for the extent, conformation, and dynamic nature of the stenosis.
To augment these limitations, Freitag et al. proposed a classification to standard-
ize (1) the location, (2) degree of stenosis, and (3) type of stenosis which was further
subdivided into structural and functional elements to capture dynamic disease [27].
The location of the stenosis is assigned a scoring system of -V, corresponding to
the upper third, middle third, and lower third of the trachea, as well as the right main
bronchus and left main bronchus. The degree of the stenosis is given a code ranging
from O to 5, corresponding to no obstruction, ~25, 50, 75, 90, and 100% obstruction,
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respectively. Lastly, the type of stenosis is given a 1-4 numerical code in the struc-
tural element corresponding to intraluminal, extrinsic, distortion, and scar/stricture
type, respectively; a code of 1 or 2 is given in the dynamic evaluation of the stenosis,
with 1 describing damaged or malacic cartilage and 2 for a floppy membrane. This
classification system was validated in a pilot study that showed a high degree of
agreement and strong precision between observers of various training backgrounds.
Another classification system was developed by Galluccio et al. in 2009. In their
case series studying different morphologies of tracheal stenosis, they categorized
the disease into simple versus complex, where a simple tracheal stenosis was defined
as (1) <1 cm of endoluminal obstruction, (2) absence of tracheomalacia, and (3)
intact cartilaginous support. If the stenosis was >1 cm in length and had either a loss
of cartilaginous support or dynamic collapse, the lesion was classified as complex
[28]. This classification has been widely accepted due to its simplicity and relative
inclusive nature.

Traditional Approach to the Treatment of Tracheal Stenosis

Airway Stabilization

Patients with critical tracheal narrowing can exhibit a very tenuous respiratory sta-
tus with little to no cardiopulmonary reserve. These patients should be first stabi-
lized by securing an airway via endotracheal tube. Intubation in patients with
tracheal stenosis can be challenging, especially if the stenotic area is in the subglot-
tic region or upper third of the trachea, as this will impede the proper passage of the
endotracheal tube. Thus, airway management of patients with known or suspected
tracheal stenosis should be performed by experienced personnel with readily avail-
able backup modalities such as fiber-optic intubation, cricothyroidotomy, and tra-
cheostomy. The latter two modalities can be considered if the known or suspected
lesion is at or above the level of the subglottis, with inability to safely endotrache-
ally intubate. A laryngeal mask airway (LMA) may be an acceptable choice to
bridge to a definitive airway management if the possibility of traumatic intubation
is high due to the proximal location of the stenosis without a critical obstruction.
Heliox, a mixture of helium (70-80%) and oxygen (20-30%), can be used to
decrease the work of breathing in patients with tracheal stenosis while preparing for
definitive airway management and stabilization. Helium is an inert gas with signifi-
cantly lower density compared to nitrogen and oxygen and allows for lower airflow
resistance and increased laminar flow of the inhaled gas through the airway lumen.
The efficacy of heliox in tracheal stenosis was studied in a pediatric population
where more than 70% of pediatric patients with upper airway obstruction had
immediate subjective improvement in work of breathing [29].
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Role of Interventional Pulmonology Procedures

Although a significant portion of benign tracheal stenoses are caused by systemic
inflammatory disorders with available medical treatments, it is crucial to avoid
delays in therapeutic procedures while instituting the most appropriate systemic
therapy. Patients who should be evaluated for potential airway procedures by inter-
ventional pulmonologists are (1) patients with critical tracheal stenosis who require
a prompt stabilization, (2) patients with inoperable or non-severe disease with sig-
nificant symptoms, and (3) patients with mostly intraluminal lesions rather than
extrinsic compression. However, even patients who are good surgical candidates
should be evaluated if a “bridge therapy” is needed prior to a definitive surgery or to
assess surgical candidacy such as with TBM.

Rigid bronchoscopy is the backbone of many airway procedures for interven-
tional pulmonologists. Rigid bronchoscopy has several key advantages compared to
flexible bronchoscopy: (a) it can be used to secure the airway with either a rigid
tracheal or bronchial barrel; (b) it allows effective ventilation and oxygenation by
both open and closed circuit ventilation; (c) it allows for utilization of different flex-
ible and rigid tools to biopsy, suction, and control bleeding more effectively; and (d)
it can be used to provide different therapeutic modalities such as cryodebridement
or cryotherapy, thermal ablative techniques such as argon plasma coagulation
(APC), laser, radiofrequency ablation (RFA), and electrocautery, mechanical deb-
ulking, and stent placement. The choice of flexible versus rigid bronchoscopy
should be based on the purpose of the bronchoscopic evaluation (diagnostic vs.
therapeutic), the degree of tracheal stenosis, overall clinical stability of the patient,
oxygenation/ventilation, and the location of the stenosis. Rigid bronchoscopy is the
preferred method if there are any concerns relating to oxygenation, ventilation, and
airway bleeding or instability from any cause.

For patients with PITS/PTTS, both simple and complex tracheal stenoses can be
treated by interventional pulmonary procedures. Complex tracheal stenoses have
significantly higher failure rates compared to simple stenoses and may require a
surgical intervention (see Fig. 10.1). Bronchoscopic therapy involves combinations
of balloon bronchoplasty, debridement of granulation tissue via thermal energy
modes, and cryotherapy [30]. Using the electrocautery knife to make radial cuts in
the stenosis followed by balloon bronchoplasty increases the treatment effect com-
pared to balloon bronchoplasty alone [31]. In addition to thermal techniques, endo-
luminal cryospray therapy with concomitant balloon bronchoplasty has also shown
efficacy in improving both symptoms and stenosis severity [32]. Additionally, intra-
luminal steroid injection has been investigated in proximal tracheal and subglottic
stenoses from PITS/PTTS, and increased surgery-free interval by a significant mar-
gin (22.6 months vs. 10.1 months) [33]. Mitomycin C, a chemotherapeutic agent
with anti-fibroblast properties, has been studied in tracheal stenosis and has also
shown to increase interval time between procedures [34]. Stents can be used in
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certain cases such as patients with recurrent disease despite bronchoscopic interven-
tions who are not surgical candidates and patients who require a “bridge therapy”
prior to a definitive surgical resection. Silicone stents are the stents of choice for
benign airway conditions and are generally safe and well tolerated [35, 36]. Finally,
tracheostomy and/or Montgomery T-tube placement may be helpful in nonsurgical
patients who require frequent procedures, have a suboptimal clinical response, and/
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or have complicated anatomy. The use of airway prostheses can also be a bridge to
definitive surgery or as an adjunct to surgery.

Stent-related tracheal stenosis is another iatrogenic entity that causes significant
morbidity. Self-expanding metallic stents (SEMS) in particular have high incidence
of granulation tissue and stricture formation [37]. The interventional bronchoscopic
management of stent-related stenoses includes balloon bronchoplasty, ablative ther-
mal techniques, cryotherapy, and stent revision if necessary. Stent complications in
benign tracheal stenosis can be successfully managed in more than 80% of patients
with bronchoscopic techniques [38]. As stents may ignite when using thermal tech-
niques, a high degree of precision must be used when the stent cannot be removed
prior to the ablative procedure. High-dose rate brachytherapy also has been used
with significant success in patients with stent-related granulation tissue formation
that was refractory to multiple bronchoscope interventions [39].

For patients with systemic processes such as GPA, sarcoidosis, and tuberculosis,
the first line of therapy should always be systemic treatment targeting the specific
disease process. Bronchoscopic interventions serve as a crucial adjunctive therapy
for patients with significant symptoms or tracheal narrowing evidenced by imaging
studies. The mainstays of bronchoscopic treatment are balloon bronchoplasty with
thermal ablative techniques and cryotherapy for webs, focal stenosis, and intralumi-
nal lesions [40, 41]. Endoscopic mitomycin C has been used to complement bron-
choscopic therapies with some success in patients with sarcoidosis but with unclear
long-term benefits [42]. Other non-granulomatous systemic conditions such as
amyloidosis, tracheobronchopathia osteochondroplastica, and relapsing polychon-
dritis are treated similarly with balloon bronchoplasty and thermal techniques for
intraluminal lesions. As these conditions are less frequent compared to granuloma-
tous conditions, there are less data for steroids and mitomycin C.

The purposes of interventional pulmonary procedures in the setting of benign
tracheal stenosis are severalfold: to stabilize the airway for the procedure, to make
the diagnosis of airway obstruction, to find the etiology of the airway disease, and
to relieve the airway stenosis if no definitive therapy is available. In addition to
providing therapeutic procedures, the interventional pulmonologist plays a central
role in delivering multidisciplinary care with general pulmonologists, infectious
disease specialists, rtheumatologists, radiologists, otolaryngologists, and thoracic
surgeons. The information obtained via diagnostic and therapeutic bronchoscopies
serves as an important surveillance tool to monitor disease progression and for pre-
operative optimization.

Outcomes of Interventional Pulmonary Procedures

Most available data from bronchoscopic interventions for tracheal stenosis and cen-
tral airway obstructions relate to malignant airway obstructions. There is a paucity
of high-quality data investigating the outcomes of different benign tracheal steno-
ses. There are several small case series and retrospective studies across many
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different entities of benign tracheal disease that show both short-term and long-term
improvement in validated quality of life surveys, dyspnea, airway patency, pulmo-
nary function test indices, and exercise capacity as measured by 6-minute walk tests.

Limitations of Interventional Pulmonology Procedures

Although interventional pulmonary procedures are the cornerstones of diagnostic
and therapeutic interventions in patients with tracheal stenosis, there are several
limitations. The primary limitation is that the procedure is not curative for complex
airway stenosis and stenosis related to systemic illnesses. In cases of idiopathic
tracheal stenosis and PITS/PTTS, initial success rates as measured by symptomatic
improvement and airway patency are as high as 95-100% [43]. Long-term out-
comes of these patients are generally quite good with more than 95% of patients
maintaining airway patency at 2 years [28]. In contrast, complex stenoses have high
failure and recurrence rates of more than 30% and often require multiple broncho-
scopic interventions. More than half of patients with complex tracheal stenoses will
have recurrence after 2 years, and the majority by 5 years [44]. Finally, broncho-
scopic interventions such as stent placement may extend the length of the stenosis,
making a curative surgery less feasible.

Role of Thoracic Surgery

Tracheal sleeve resection and reconstruction is the definitive treatment for tracheal
stenosis, particularly for complex tracheal stenosis (see Fig. 10.1). The best oppor-
tunity for a successful outcome is the initial operation. A detailed plan should be
developed, and if there is any doubt, it is better to refer the patient to an institution
with experience in the management of airway surgery [45]. Lesions in the upper
half of the trachea are frequently approached by cervical collar incision that may be
extended to the upper portion of the sternum if access to the mediastinal trachea is
needed. The lower third of the trachea and mainstem bronchi are best approached
via right posterolateral thoracotomy. It is important to distinguish the exact location
of the stenosis and involvement or lack thereof of the cricoid as the choice of tra-
cheal end-to-end anastomosis, cricotracheal anastomosis, and tracheo-cricotracheal
anastomosis has increasingly more common complications. The use of release
maneuvers to help reduce tension at the tracheal anastomosis is very important and
ranges from the simple neck flexion to more complex techniques including proxi-
mal and distal mobilization of the pretracheal plane, suprahyoid release, laryngeal
release, division of the inferior pulmonary ligament for hilar release, and intraperi-
cardial release including the pericardium around the hilar vessels [46].
Video-assisted thoracoscopic surgery (VATS) tracheal resection/reconstruction
has been described as an alternative approach due to its minimally invasive nature



10 Benign Tracheal Stenosis: Medical Versus Surgical Management 181

as compared to open thoracotomy. Given the limited operating field, some modifica-
tions such as employing continuous suturing (versus interrupted) to minimize tan-
gling as well as using high-frequency jet rather than cross-field ventilation are often
employed [47].

The overall success rates for tracheal surgery vary with reports between 71% and
95% cited [48]. Large retrospective series of tracheal resection have identified risk
factors for anastomotic complications in patients with benign and malignant steno-
sis [49]. These risk factors include reoperation, diabetes, lengthy resection > =4 cm,
laryngotracheal resection, age <17yo, and need for tracheostomy prior to resection.
While some of these complications have been attributed to increased anastomotic
tension, others remain unclear. Granulation development has been nearly eliminated
with the use of absorbable sutures [8]. In a series of 521 tracheal surgeries per-
formed by experienced thoracic surgeons, over 90% of patients had good or satis-
factory results. However, there were 20 failures and 12 deaths. Additionally, 49
patients developed granulation tissue, 29 experienced dehiscence or restenosis, 25
had laryngeal dysfunction, and 34 developed infectious complications [8]. Mortality
in the surgical literature has been reported as high as 5%, with surgical failure rates
between 5% and 15% [50].

It should be noted that these retrospective studies may suffer from selection bias
as the patients with the highest risk are frequently excluded. The optimal timing of
surgery is unclear, as are the risk factors of bronchoscopic treatment failures for
complex tracheal stenoses. Thus, multidisciplinary discussions with the surgical
team are imperative after making the diagnosis of complex tracheal stenosis. Other
etiologies of tracheal stenosis should be approached in a similar fashion, with local/
limited tracheal disease that is refractory to both medical therapy and repeated inter-
ventional procedures referred for surgical evaluation.

Recommendations

See Fig. 10.2 for a detailed description of the steps necessary in the evaluation and
treatment of benign tracheal stenosis. The implementation of these steps depends on
the human and technological capital available at each institution. In many cases,
referral to centers with expertise in interventional pulmonology and/or airway sur-
gery may be necessary.

Future Direction

Although the efficacy of balloon bronchoplasty and intraluminal lesion destruction
by various thermal techniques has been very positive in majority of the benign tra-
cheal stenoses subtypes, short-term recurrence rate can be significant. Stents pro-
vide prolonged artificial structural integrity and can enable remodeling of the
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Fig. 10.2 Algorithm for the evaluation and management of benign tracheal stenosis

airways. However, they are also associated with strictures, granulation tissue,
migration, fistula formation, and occlusion if left in the long term. Biodegradable
stents have been under investigation for several years. These stents are made from
polydioxanone, which is a semicrystalline biodegradable polymer with some degree
of shape memory. The polymer degrades over time by hydrolysis, making extraction
of these stents unnecessary. Biodegradable stents appear to be well tolerated by the
tracheal mucosa, retain their mechanical strength for up to 6 weeks, and completely
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degrade after approximately 15 weeks [51]. Given these properties, these stents can
be ideal in patients who require airway procedures while undergoing systemic med-
ical therapy for conditions such as GPA, sarcoidosis, amyloidosis, and relapsing
polychondritis. These stents have been used in small number of pediatric and adult
patients with improved symptoms [52]. A unique complication of stent fragment
expectoration has been described in some patients. However, the remnants of the
biodegradable stents are relatively small and are unlikely to cause any significant
airway obstruction. As the technology is still in its infancy, there are no robust stud-
ies assessing the efficacy and safety in patients with benign tracheal stenoses.

Conclusions

The field of interventional pulmonology is an exciting discipline with a versatile
and sophisticated armamentarium of procedures to manage tracheal stenosis and
complicated central airways. Rigid bronchoscopy serves as the backbone of thera-
peutic bronchoscopic procedures, allowing for the application of various procedures
ranging from mechanical debulking to thermal ablation. However, there are no clear
data assessing the long-term efficacy of bronchoscopic treatment in benign tracheal
disease, the efficacy of different bronchoscopic treatment modalities, and most
importantly, how bronchoscopic methods compare to surgical resection.
Subsequently, consensus on how these inherently complex and morbid conditions
are treated continues to evolve. Additionally, the availability and the interplay of
interventional pulmonologists, thoracic surgeons, ENT surgeons, and anesthesiolo-
gists remain varied. Although there are few studies investigating the efficacy of
tracheal resection and reconstruction in benign tracheal stenosis, surgery should
remain one of the long-term therapeutic modalities available to all patients with
either severe benign tracheal stenosis or recurrent tracheal stenosis despite broncho-
scopic interventions. Despite the lack of a standardized approach, interventional
pulmonary procedures remain a cornerstone for patients who cannot tolerate sur-
gery due to comorbidities, who have unfavorable anatomy for safe surgical resec-
tion, and who have symptomatic non-severe disease.
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Hemoptysis b

Himanshu Deshwal, Ankur Sinha, Tatiana Weinstein, Amie J. Kent,
Jamie L. Bessich, and Samaan Rafeq

Introduction

Hemoptysis is the expectoration of blood from the respiratory tract which can range
from clinically insignificant to life-threatening. While hemoptysis is often associ-
ated with many serious diseases, it can lead to significant distress to the patient and
needs to be evaluated thoroughly. Most cases of hemoptysis are mild and self-
limited, but up to 15% of patients can experience a life-threatening bleed [1, 2].
Several definitions have been used to describe massive hemoptysis based on quan-
tity or frequency ranging from 100 cc to 1000 cc over 24 hours [3]. However,
hemoptysis of greater than 200 cc/hour in patients with normal lungs or 50 cc/hour
in patients with chronic lung disease can be classified as life-threatening hemoptysis
[4]. In clinical practice, any amount of hemoptysis that leads to significant respira-
tory or hemodynamic compromise should be considered life-threatening. Death pri-
marily occurs by asphyxiation rather than exsanguination. Before the advent of
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endoscopic interventions, hemoptysis of over 600 cc in 16 hours carried a mortality
of 75%; however, the incidence has decreased to 9-38% with the establishment of
better protocols, airway protective strategies, and minimally invasive interventional
tools such as the bronchoscopy [5-7]. In the pre-bronchoscopic era, surgical inter-
ventions were the primary treatment of choice, mortality was as high as 23%, and
the patients were primarily treated with surgery [5]. Several factors including acute
decompensation leading to emergent surgery as a salvage option may have played a
major role in defining such high mortality.

Ever since, several studies have been successful in identifying prognostic and
predictive risk factors for recurrence of hemoptysis and in-patient mortality. Chronic
alcoholism, lung malignancy, aspergilloma, pulmonary artery bleed, involvement of
more than two quadrants on chest radiograph, need for mechanical ventilation, and
active bleed or clots seen on bronchoscopy were associated with significantly lower
survival [8, 9]. Identifying these factors has helped consolidating decisions on early
aggressive intervention to improve survival and outcome in these patients. Over the
years, several endoscopic tools have been developed to control active hemoptysis
and treat the underlying etiology without further need of surgery and are highlighted
in the subsequent sections. Along with interventional pulmonology, surgical tech-
niques have also evolved with minimally invasive, conservative approaches yielding
better treatment results, highlighting the importance of a multidisciplinary approach
to any case of hemoptysis.

Pulmonary Vascular Anatomy

To identify the etiology of hemoptysis, it is imperative to understand the vascular
anatomy of the lungs. The pulmonary vascular anatomy is unique as it comprises a
dual blood supply in the form of pulmonary arteries and systemic bronchial arteries.
The pulmonary arterial system has high capacitance as it receives 100% of the car-
diac output from the right heart with the primary function of oxygenating the blood
[10]. The pulmonary arteries follow the bronchial segmental and subsegmental
anatomy forming the bronchovascular bundles that divide into a rich capillary bed
responsible for lung perfusion and oxygenation [11]. The capillaries drain into pul-
monary venules that run along the interlobular septa of the secondary pulmonary
lobules [12]. Eventually, the oxygenated blood is carried by the pulmonary veins
into the left atrium. The bronchial arteries are a low-capacitance, high-pressure sys-
tem as they derive oxygenated blood supply from the descending aorta at the level
of T5-T6 thoracic vertebrae [13]. The bronchial arteries take up to 1-3% of the total
cardiac output and are primarily responsible for providing nourishment, thermo-
regulation, humidification, and recruitment of inflammatory cells in the lungs [14—
16]. The bronchial arteries drain into bronchial veins, majority of which eventually
drain into the azygous vein. The bronchial arteries also run alongside the major
airways and form perforators to supply the muscular layers of the airways. A part of
the bronchial circulation drains into the pulmonary veins due to an extensive
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anastomosis of pulmonary and bronchial blood supply at capillary level, leading to
a physiologic shunt. Despite accounting for 5% of the total pulmonary blood flow,
a majority of hemoptysis originates from bronchial artery disruption due to the
high-pressure system [17]. In rare occasions such as pulmonary artery aneurysm,
large tumor invasion or iatrogenic trauma during right right heart catheterization,
pulmonary arteries can be a source of hemoptysis.

Causes of Hemoptysis

The source of hemoptysis depends on the anatomical location of the lesion, namely,
the airways, the lung parenchyma, and the adjoining vascular structures. Tracheal
tumor, tracheitis, tracheal tear, or tracheoinnominate fistula in a patient with a tra-
cheostomy can be a cause of hemoptysis from the central airways. Bronchial bleed
is common in patients with bronchiectasis, bronchopneumonia, chronic bronchitis,
endobronchial tumors (particularly neuroendocrine tumors), melanoma, and renal
cell carcinoma [3]. Malignant lesions and cavitary lesions are other causes that can
lead tosignificanthemoptysis. Alveolar causes include capillaritis or anticoagulation-
induced diffuse alveolar hemorrhage. Other causes include pulmonary venous con-
gestion from causes like mitral stenosis leading to alveolar hemorrhage. In rare
instances, especially with a necrotizing infection, a lethal bronchopulmonary artery
fistula can lead to significant bleeding. In patients with hereditary hemorrhagic
telangiectasia, pulmonary arteriovenous malformations can cause recurrent hemop-
tysis requiring embolization or surgical resection. Tuberculosis, bronchiectasis,
and lung cancer are the leading causes of hemoptysis, accounting for 23—-85% of
bleeds [1, 18]. Despite a thorough investigation, the etiology of hemoptysis remains
unknown in up to 50% of patients [19]. Table 11.1 highlights common causes of
hemoptysis.

Diagnosis and Management

Any patient presenting with hemoptysis should be evaluated thoroughly to identify
the etiology and risk stratify as the therapeutic approach may change based on risk
factors and underlying etiology. A quick history and physical examination with
attention to prior episodes of bleeding, underlying malignancy, smoking history,
medication history, coagulopathy, and autoimmune disease can narrow the differen-
tial diagnosis of hemoptysis. Initial laboratory tests should evaluate for infection,
thrombocytopenia, coagulopathy, liver or renal dysfunction, and ongoing vasculitis.

Initial chest radiograph can be performed quickly at bedside and can evaluate
common causes such as cavitary lesions, aspergilloma, consolidation, malignancy,
and parenchymal disorders such as diffuse alveolar hemorrhage in 35-86% of cases
[20, 21]. Despite low sensitivity, initial chest radiograph is essential as it can serve
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as a baseline at presentation and a good comparison for further coarse of manage-
ment (Fig. 11.1). If the patient is hemodynamically stable and able to maintain good
oxygenation, a prompt multidetector computed tomography (MDCT) of the chest
should be performed, preferably with systemic phase contrast to assess for bron-
chial artery extravasation. The MDCT carries a high sensitivity of 93% in identify-
ing the source of hemoptysis, which increases to 97% when supplemented by a
bronchoscopic airway examination [6]. MDCT can be carried out promptly and is
of extreme value in deciding between bronchoscopic intervention, arterial emboli-
zation, and surgical intervention. It can also assist in assessing lesions distal to the
site of bleed which may otherwise be obscured by active bleeding and poor visual-
ization on bronchoscopy as it can identify both intraluminal and extraluminal eti-
ologies of hemoptysis with good accuracy [19].

Airway compromise is the biggest concern in patients presenting with hemopty-
sis as the most common cause of death is asphyxiation. Often an episode of mild
hemoptysis can be a sentinel episode prior to a life-threatening hemoptysis and
should be managed cautiously. A three-tier approach may help stratify treatment
plan and activate appropriate pathways to ensure successful resuscitation and
therapy.

The first and foremost target is the evaluation and management of a threatened
airway. In patients presenting with massive hemoptysis, blood can clot up in the
central airways leading to complete obstruction and death. Any sign of respiratory
distress, hypoxemia, or large volume hemoptysis should prompt a decision to elec-
tively intubate the patient while still hemodynamically stable. Based on initial
investigation, if the laterality of hemoptysis is known, the bleeding lung should be
placed dependently to prevent aspiration of blood onto the normal side [22]. It is
imperative to protect yourself with a gown, a face mask, and a face shield to prevent
exposure to the patient’s blood during intubation. Fiber-optic bronchoscopy can

Fig. 11.1 A posterior-
anterior view of the chest
radiograph demonstrating
dense infiltrates in the left
lung in a patient with
massive hemoptysis
(arrows)
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help visualize any source of posterior pharyngeal or upper airway bleed and can
assist in successful intubation [23]. A size 8.0- or 8.5-mm endotracheal tube (ETT)
should be utilized for intubation as it allows for bronchoscopic management of
hemoptysis. The bed of the head can be kept elevated (up to 20 degrees) to prevent
aspiration of blood and aid visualization of vocal cords as the blood moves down
with gravity [24, 25]. The most experienced provider should pursue intubation to
minimize duration and any complications related to intubation. If on initial assess-
ment, the location of the source of hemoptysis is identified, a selective bronchial
intubation can be attempted. In an emergent situation, once the ETT has passed
beyond the vocal cords, the tube can be rotated by 90 degrees in the direction of the
unaffected lung and advanced further to achieve selective bronchial intubation [26].
Alternatively, for a more definitive approach, isolation and intubation of unaffected
lung can be achieved using a portable bronchoscope. This technique also provides
the opportunity to have a first look to identify or confirm the location of the bleed.
A double-lumen intubation has been described but can be technically challenging
given need for advanced expertise and a lengthier process of placement [27].

Alongside, airway protection, assessment, and prompt treatment of any hemody-
namic decompensation are important during a life-threatening bleeding. If there is
any concern for hypovolemic shock or end-organ hypoperfusion, prompt resuscita-
tion with intravenous fluid, vasopressors, and O negative packed red blood cell
transfusion should be given to stabilize the patient.

The final approach to the treatment of hemoptysis includes identifying the etiol-
ogy and controlling the source of bleeding. In emergent situations, several initial
therapies can be utilized to temporize the bleeding before considering a more defini-
tive treatment. Initial noninvasive measures include reversal of coagulopathy using
fresh frozen plasma, vitamin K, or specific antidote to an offending anticoagulant
the patient may be taking. In cases of severe thrombocytopenia, prompt transfusion
of platelets can be lifesaving. Patients with liver and renal failure may have dysfunc-
tional platelets and may benefit from intravenous desmopressin [28].

Once temporizing measures have been performed, a multidisciplinary discussion
should be held with the intensivists, interventional pulmonologists, interventional
radiologists, and cardiothoracic surgeons regarding the best approach for more
definitive management of hemoptysis.

An early flexible bronchoscopy for airway examination can still be valuable to
identify the source of bleed and provides opportunity to perform therapeutic proce-
dures or decide on surgical versus arterial embolization methods.

Current Role of Interventional Pulmonology

Interventional pulmonology (IP) has evolved as an exciting field in thoracic medi-
cine and revolutionized the management of hemoptysis, offering several less inva-
sive techniques and procedures with good accuracy and outcome. To highlight the
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importance of various avenues offered by IP, it is helpful to classify bronchoscopic
approach for hemoptysis into diagnostic and therapeutic roles.

Diagnostic Utility of Bronchoscopy

Bronchoscopy can be a pivotal tool in the management of hemoptysis. The timing
and utility of the procedure remains a matter of debate. The amount of bleeding and
the hemodynamic status of the patient should be considered prior to making a deci-
sion. While a CT is comparable to bronchoscopy in identifying the site of the bleed-
ing, it is far superior to bronchoscopy in diagnosing the cause of the bleeding [29].
Millar et al. demonstrated, while studying 40 cases of hemoptysis with a negative
bronchoscopy, that a CT scan was able to visualize an abnormality in 50% of cases
[30]. However, in cases of large volume hemoptysis, the sensitivity of radiological
modalities suffers due to spillover of blood to non-bleeding segments of the lung as
well as the contralateral lung. A visual examination by bronchoscopy can play a key
role in localizing the site of the bleed as well as provide therapeutic interventions
(Fig. 11.2).

Modini et al. performed a multicenter study involving 486 patient with hemopty-
sis requiring bronchoscopy, and concluded that early bronchoscopy performed
within 48 hours of presentation had a higher chance of localizing a bleeding site
[31]. Under the care of an experienced team performing the bronchoscopy, the rate
of complications arising from the bronchoscopy itself was fairly low (<4%), as
demonstrated by Ost et al. in their study of over 1100 encounters of bronchoscopy

Fig. 11.2 Bronchoscopic images of a patient presenting with hemoptysis. (a) Trail of bleeding
visualized on inspection of the airway leading to site of bleeding. (b) Bleeding endobronchial
lesion visualized on direct inspection in the right lower lobe
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in patients with complex central airway obstruction [32]. In cases of ongoing bleed
which qualifies as life-threatening hemoptysis, an early initial examination of the
airway can help institute lifesaving measures with the use of lung isolation tech-
niques. It can also help clear the airway and improve oxygenation in addition to
locating the source of the bleeding. Bronchoscopy plays a key role in patients with
hemoptysis without a discernible causative source identified on CT [33]. Sources of
bleeding that are poorly differentiated on a CT include mucosal lesions, small endo-
bronchial lesions, and immunologic/vasculopathic causes of bleeding [34].

Diffuse alveolar hemorrhage (DAH) is a life-threatening emergency that can be
caused by a multitude of disorders, and presents with hemoptysis with diffuse pul-
monary infiltrates on chest radiology (Fig. 11.3). Early bronchoscopy plays a key
role in the diagnosis of diffuse alveolar hemorrhage. Sequential aliquots of bron-
choalveolar lavage (BAL) are obtained from the same subsegment of the lung, and
a rising red blood cell (RBC) count is diagnostic of DAH. Microscopic evaluation
can reveal hemosiderin-laden macrophages. Bronchoscopy also provides specimens
for excluding infectious causes, and can help provide tissue diagnosis if a biopsy is
performed. However, performing a transbronchial biopsy in a patient with DAH
remains controversial, and is rarely performed because of the risks involved with
disruption of the mechanical architecture of the lung with ongoing bleeding [35].

Bronchoscopy can help visualize vascular abnormalities like Dieulafoy’s lesions,
which are dilated tortuous arteries that project into the mucosa, and can cause sig-
nificant hemoptysis. Similar dilated and tortuous vessels in the bronchial mucosa
from underlying pathology like vasculitis, or tumors, can be visualized on broncho-
scopic evaluation. The advent of advanced high-definition (HD) bronchoscopy
equipment with narrow band imaging (NBI) in addition to the standard white light

Fig. 11.3 (a) Chest radiograph (posterior-anterior view) demonstrating bilateral basal infiltrates in
a patient with persistent hemoptysis. (b) Computed tomography of the chest (axial cuts) depicting
areas of diffuse ground glass opacities in bilateral lower lobes suggestive of diffuse alveolar hem-
orrhage in a patient with systemic vasculitis
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imaging can help differentiate between inflammation and vascularization by opti-
mizing light wavelengths at 415 nm and 540 nm [36].

Therapeutic Bronchoscopy

In addition to the diagnostic bronchoscopy, the major role of interventional pulmon-
ology is in the bronchoscopic management of hemoptysis. With the advent of newer
tools and technologies, a majority of cases with hemoptysis can be treated using a
flexible or rigid bronchoscope, bypassing the need for an invasive surgical interven-
tion. Several temporizing and definitive treatments can be applied endoscopically.
Rigid bronchoscopy also plays a significant role in managing central airway bleed-
ing and massive hemoptysis and needs an interventional pulmonologist or thoracic
surgeon expertise to perform the procedure (Fig. 11.4). The rigid bronchoscope
provides several advantages compared to flexible bronchoscopy and can be consid-
ered as a first-choice tool if expertise is available for management of hemoptysis
[3]. It provides a secure airway and route for effective ventilation, thus preventing
asphyxiation. The larger port allows for effective large volume suctioning of blood
and application for various endobronchial tools to control the bleeding [37]. A flex-
ible bronchoscope can be introduced through it to examine a distal bleeding site and
allows for bronchial blocker to be placed. In addition, it has the advantage of isolat-
ing the unaffected lung while hemostasis in the affected lung is achieved. A cryo-
probe or argon plasma photocoagulation probe can be introduced through the rigid
bronchoscope to treat tumoral obstruction and achieve prompt hemostasis and
removal of blood clot. In cases of recurrent hemoptysis where alternate methods fail
to control the bleeding from central airway, modified Y-shaped silicone stents can be

Telescopic channel

Bronchoscope Tube
(Interchangeable sizes)

Operational Channel

Ventilation Port

Fig. 11.4 A rigid bronchoscope depicting the suction port, the telescopic channel, the ventilation
port, and the operational channel. The operational channel can be used to insert a variety of instru-
ments including a flexible bronchoscope for distal airway visualization
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placed via rigid bronchoscope to achieve successful hemostasis with a technical
success rate of almost 100% and a clinical success rate of 85.7% [38].

While a rigid bronchoscope is an excellent tool, it has its limitations. It cannot be
used to inspect segments with an abrupt upward takeoff like the right upper lobe. Its
functionality is improved when used with a fiber-optic bronchoscope inserter
through its operational channel. It requires skill and training in the field of interven-
tional pulmonology. Many centers may not have experienced providers to utilize
this tool. There is also a significant variation in training and competency in using
rigid bronchoscopy in interventional pulmonology training programs [39].

Vasoconstrictors

Direct bronchoscopic vasoconstrictor therapy is a common modality for hemoptysis
or procedure-related bleeding. One liter of iced saline cooled at 4 degrees Celsius is
often a part of the preparation for any bronchoscopic procedure. Instillation of iced
saline in aliquots of 5 cc to 50 cc can achieve hemostasis by inducing vasoconstric-
tion and is often the first-line modality for minor bleeding [40]. Occasionally, instil-
lation of iced saline can cause bradycardia or transient heart block due to vagal
stimulation, but this is usually transient and self-limited. Such patients need closer
monitoring post bronchoscopy [41]. In addition to iced saline, diluted epinephrine
(1:10,000 to 20,000) in 2 cc aliquots is often used to achieve hemostasis in persis-
tent oozing [42]. Ideally, a dose over 0.6 mg should be avoided due to risk of
arrhythmias, and often alternate methods of hemostasis are warranted in persistent
bleeding. In certain high-risk patients such as lung transplant recipients undergoing
surveillance transbronchial biopsies, prophylactic epinephrine is often instilled at
the biopsy site to minimize the risk of bleeding and trials are underway to assess its
efficacy [43]. Vasopressin analogues such as ornipressin and terlipressin can also be
used for topical instillation for biopsy-associated bleeding. While both are equally
efficacious, terlipressin tends to have more systemic effect on hemodynamics com-
pared to ornipressin and closer monitoring is required [44].

Bronchial Blocker

Bronchial blockers have been approved for lung isolation in thoracic surgeries but
have been frequently used as a temporizing method in case of massive hemoptysis.
A bronchial blocker is an easily available tool that can be used with flexible bron-
choscopy to isolate the bleeding segment and allow for hemostasis to occur. A
Fogarty® balloon catheter has a nylon loop at its tip that latches onto the broncho-
scope and can be easily directed to the site of bleed. Once the catheter is success-
fully placed in the bleeding segment, using normal saline, the balloon is inflated till
complete cessation of blood spillage is noted (Fig. 11.5). The advantage of
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Endotracheal tube

Flexible bronchoscope

Bronchial blocker

Fig. 11.5 Schematic diagram of a bronchial blocker in place to isolate the bleeding segment of
the lung

bronchial blockers is that multiple blockers can be placed simultaneously while a
more definitive treatment is sought. In most cases, the bronchial blocker is left in
situ for 24—48 hours before consideration of removal if hemostasis is achieved [45].
In addition, continued ventilation of aerated segments can be continued, thus pre-
venting hypoxemia. Overinflation of the balloon should be avoided to prevent pres-
sure injury. In certain instances, migration of the balloon can lead to central
obstruction and should be considered if acute hypoxemia, decreased tidal volume,
or elevated airway pressures is observed on mechanical ventilation. Alternatively,
endobronchial embolization with a silicone spigot has been described as a success-
ful method for hemostasis [46]. In rare instances, if a Fogarty® balloon is not
instantly available, one can improvise and use a pulmonary artery catheter to
occlude the bleeding segment endobronchially [47].

Procoagulants

Several procoagulants can be used to achieve temporary hemostasis. After initial
cold saline and epinephrine instillation, fibrinogen-thrombin combination can be
instilled into the bleeding segment to augment clotting. To further stabilize, the clot
factor XIII has also been used in addition to the fibrinogen-thrombin complex [48].
This method can be used for hemostasis in patients who have a contraindication to
bronchial artery embolization. The studies on the endobronchial use of
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fibrinogen-thrombin are limited to case series, and there is a risk of early recurrence.
Therefore, this method should be considered only as a temporizing technique while
a more definitive plan is being contemplated. Alternatively, oxidized regenerated
cellulose fabric mesh can be used with direct tamponade for immediate cessation of
bleeding [49]. Using a biopsy forceps, the mesh can be advanced into any bleeding
segment or subsegment to achieve hemostasis. The advantage of this technique is
that a peripheral bleeding subsegment can be reached with flexible bronchoscope
and hemostasis can be achieved. However, similar to fibrinogen-thrombin complex,
oxidized regenerating cellulose is also a temporizing method to prevent further
bleeding and better prepare the patient for definitive treatment.

Intravenous tranexamic acid (TXA) has been used for hemostasis in cases of
massive hemoptysis. Pooled systematic meta-analysis demonstrated no significant
differences in bleeding duration with TXA compared to control groups. However,
there was a significant reduction in hemoptysis volume [50]. Intravenous TXA can
be utilized in patients with massive hemoptysis from a cavitary lesion such as an
aspergilloma, while the patient is being prepared for a bronchial artery embolization
[51]. Being a procoagulant, the risk of venothromboembolism has to be considered
with intravenous TXA; therefore, some authors suggest nebulized TXA as a safer
alternative [52].

Laser Photocoagulation

Bronchoscopic laser therapy using neodymium-doped yttrium aluminum garnet
(Nd:YAG) laser therapy is a safe and effective treatment modality for malignant
obstruction of larger airways. Laser therapy is frequently utilized for treatment of
hemoptysis related to tumoral obstruction [53]. The neodymium crystal produces a
light with 1064 nm continuous wavelength that is not completely absorbed by water
and tissue, allowing to penetrate deeper (up to 5—10 mm) into the bronchial tissue.
Since the Nd:YAG laser light wave is not visible to the human eye, therefore an
additional wavelength of visible light is added to assist the operator to target the
lesion [54]. The laser works on the principle of molecular agitation leading to the
generation of thermal energy and coagulation. It leads to immediate coagulation
necrosis of the tumor known as photoresection, thus helping improve airway patency
and treating the source of bleeding definitively [55, 56]. In the next 6-8 weeks, heal-
ing occurs with deposition of granulation and fibrosis of the surrounding structures,
thus reducing the risk of recurrence. Improvement in hemoptysis can occur in up to
94% of patients, while complete cessation of bleeding can occur in 60—74% patients
treated with Nd: YAG laser photocoagulation [57]. Several factors play into the suc-
cess or failure of Nd:YAG laser therapy. Laser therapy can be used with curative
intent in certain tumors such as the endobronchial carcinoid tumors [58].

The risk of bleeding recurrence or incomplete therapy is higher in cases of
extrinsic tracheobronchial obstruction, primarily submucosal lesions, lesions
greater than 4 cm, abnormal coagulation profile, and bleeding not directly visible
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bronchoscopically [58]. Further, laser therapy is best avoided in complete or near-
complete airway obstruction as failure to visualize distal lumen can increase the risk
of perforation.

Argon Plasma Coagulation

Argon plasma coagulation (APC) is a method of noncontact transfer of electrical
energy leading to tissue desiccation and coagulation. The argon gas is insufflated
into the airway in pulses, and the electricity is conducted in the form of monopolar
current via the ionized gas plasma [59] (Fig. 11.6). Blood and tissue are good con-
ductors of electricity, making APC a good choice for superficial and endobronchial
bleeds. As the tissue desiccation and coagulation occurs, the conductance of elec-
tricity reduces, preventing deeper penetration and perforation. It also leads to a
more uniform tissue desiccation compared to laser and is superior in controlling
bleeds located in anatomic corners, not in direct line of vision. Malignant airway
obstruction, endobronchial hemangiomas, or Dieulafoy’s lesions tend to bleed pro-
fusely and can be treated promptly with APC [60]. Immediate cessation of bleeding
occurs and has a long-lasting effect with decreased incidence of recurrence of up to
a mean follow-up of 97 days. Any malignant airway obstruction can be simultane-
ously treated with immediate and sustained symptomatic improvement [61]. Robust
functioning suction and route for gas to escape is a necessity as fatal complications
such as gas embolization can occur in rare cases [62]. APC is preferred in central
and larger airways as it is essential to avoid touching the airway surface, as tissue
coagulation can occur via direct contact rather than ionized plasma leading to deeper
penetration and potential perforation.

\

Argon Plasma

A

Gas Flow in Probe

Self Limiting

Desiccation Zone

Fig. 11.6 Schematic diagram demonstrating mechanism of action of an argon plasma coagulation
probe depicting the formation of plasma, leading to a self-limited zone of desiccation in the dis-
eased mucosa
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Cryotherapy

Bronchoscopic cryotherapy has been utilized to manage central airway obstruction
from malignant tumors and hemoptysis. Cryotherapy utilizes Joule-Thomson prin-
ciple of thermodynamics where a pressurized liquified gas undergoes rapid expan-
sion to gaseous form that leads to a rapid drop in temperature [63]. A rapid
freeze-thaw cycle at the cryoprobe tip leads to rapid coagulation of blood and for-
mation of a thrombus that sticks to the probe and is easily retrievable [64]. The
cryoprobe (generally 1.9-mm outer diameter) is introduced through the working
channel of the bronchoscope and adhered to the blood clot in the central airway. The
probe tip is then rapidly cooled for 15-30 seconds and passively thawed. This leads
to tight adherence of the clot to the cryoprobe which can then be retrieved along
with the clot in its entirety.

The temperature change also leads to strong vasoconstriction and minimizes fur-
ther bleeding. In cases of malignant tumors, rapid decline in temperature leads to
intracellular and extracellular crystallization leading to cell death and tissue necro-
sis [65]. Therefore, in addition to prompt bleeding control, it serves as a definitive
treatment of the source of hemoptysis. Since the cryotherapy depends on the intra-
cellular water content of the tissue, fat, nerve sheaths, fibrosis, and cartilaginous
tissues are relatively cryoresistant in contrast to nerves, granulation tissue, endothe-
lium, and mucus membranes which are cryosensitive [65]. Cryoprobes are available
for both rigid and flexible bronchoscopy and are an economic option for emergent
use in life-threatening hemoptysis where central airway obstruction is a concern.
The medical intensive care team and bronchoscopy suite should have a cryoprobe in
their armamentarium for prompt use in emergent situations.

Procedure-Related Bleeding

Bleeding is a common complication during a bronchoscopic procedure but rarely
life-threatening. In general, the risk has been reported between 0.26% and 5% [66].
There are, however, certain patient and procedural risk factors that can change indi-
vidual bleeding risk.

Underlying coagulopathy, renal dysfunction, liver dysfunction, heart failure,
mitral stenosis, and pulmonary hypertension are independent risk factors for
bronchoscopy-related bleeding [66]. Inmunocompromised patients and lung trans-
plant recipients are also at increased risk of procedure-related bleeding and have a
higher likelihood of early termination of a procedure due to bleeding [67]. Inflamed
and hypervascular tissues such as carcinoid tumors, renal cell carcinoma, thyroid
cancer, and metastatic melanoma tend to bleed more during bronchoscopic biop-
sies, and preventive measures should be anticipated before any intervention on such
tissue [68] (Fig. 11.7).
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Fig. 11.7 (a) Bronchoscopic images of a highly vascular metastatic thyroid nodule visualized on
diagnostic bronchoscopy. (b) Bleeding observed in the tumor on gentle probing. (¢) Brisk bleeding
was noted during the endobronchial biopsy. (d) Successful control of bleeding after instillation of
50 cc of cold saline solution

Certain procedures carry higher risk of bleeding compared to others.
Transbronchial lung cryobiopsies and regular transbronchial biopsy of a peripheral
lesion are at the highest risk of bleeding-related complications [69, 70]. The risk of
clinically significant bleeding with cryobiopsy is 16% compared to 4% with a for-
ceps biopsy [70]. Occasionally, a tamponade balloon/bronchial blocker is prophy-
lactically inflated at the time of biopsy to achieve hemostasis.

To mitigate intrinsic bleeding risk, the British Thoracic Society recommends
assessment of coagulation studies, platelet count, and hemoglobin pre-procedurally
when clinical risk factors are present [71]. It is suggested that platelet counts should
be >75,000 and INR <1.4 to reduce the possibility of significant bleeding. In addi-
tion, patients should hold their antiplatelet agents (aside from acetylsalicylic acid)
and anticoagulation, although this recommendation is largely based on a discussion
of individualized risk benefit ratio. For example, if a patient is at a high or very high
risk for thrombotic complications from holding anticoagulation, procedures should
be postponed until thromboembolic risk is low to moderate. If pursued, this should
be done with bridging therapy using short-acting reversible anticoagulation.
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Table 11.2 Grades of procedure-related bleeding [72]

Grade I | Suctioning of bleed required for less than 1 minute

Grade | Suctioning of more than 1 minute required or repeat wedging of the bronchoscope for
II persistent bleeding or instillation of cold saline, diluted vasoactive substances, or
thrombin

Grade | Selective intubation with ETT or balloon/bronchial blocker for less than 20 minutes or
I premature interruption of the procedure

Grade | Persistent selective intubation >20 minutes or new admission to the ICU or PRBC
v transfusion or need for bronchial artery embolization or resuscitation

ETT endotracheal tube, ICU intensive care unit, PRBC packed red blood cells

When bleeding is encountered, application of a bleeding scale developed by
Delphi consensus can assist in quantifying the severity of the bleeding, and it facili-
tates communication among team members and helps anticipate the next course of
action [72]. The scale grades bleeding from 1 to 4 and is based on procedural find-
ings and interventions as well as specific clinical outcome measures (i.e., need for
PRBC transfusion or higher level of care) (Table 11.2) [72].

Most procedure-related bleeding events are self-limited, and hemostasis can be
achieved by simply wedging the bronchoscope into the bleeding segment and allow-
ing for clot formation. Similar bronchoscopic approach can be followed for control
of endobronchial bleeding using cold saline, vasoconstrictor, or a cryoprobe.

Bronchial Artery Embolization

As the bronchial arteries run in the bronchovascular bundle and comprise a high-
pressure circulation, majority of hemoptysis originates from the bronchial arteries.
In most situations with brisk bleeding, bronchial artery embolization (BAE) by an
experienced interventional radiologist is paramount to the treatment of hemoptysis
[73]. While most literature on BAE arises from cystic fibrosis (CF) and bronchiec-
tasis literature, BAE is commonly used for multiple other etiologies such as bleed-
ing cavitary lesions, malignancy, and arteriovenous malformations [74]. BAE is
generally not used in neoplasm-related bleeding as the failure rates are higher due
to the progressive nature of the disease [75].

This modality highlights the importance of a multidisciplinary treatment
approach to hemoptysis as an early consultation with interventional radiologist and
cardiothoracic surgeons becomes imperative to make a graded approach to patient
care. Once the patient’s hemodynamics and airway are stabilized, the patient can be
brought to an interventional radiology suite that is equipped with digital subtraction
radiography and other necessary equipment. A thoracic aortogram is performed to
identify the site of bronchial artery extravasation and any aberrant vascular anatomy
[76]. In most instances, the microcatheter is inserted below the spinal artery to pre-
vent neurologic complications. In rare cases, the artery of Adamkiewicz supplying
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the anterior spinal region may originate from the intercostal branches and may lead
to paraplegia if not identified before embolization [77].

Once the site of extravasation is identified, the bleeding vessel can be embolized
using gel foams, cyanoacrylate, polyvinyl alcohol, and several other available seal-
ants [78] (Fig. 11.8). In cases of large cavitary lesions, multiple branches may need
to be embolized to control the bleeding. In most cases, BAE can lead to long-term
cessation of bleeding, allowing for a definitive surgical planning to treat the etiology
of the bleed; however, recurrence can occur in up to 46% patients in 12-month time
needing repeat BAE, especially in CF patients [79]. The success rate of BAE is

Fig. 11.8 (a, b) Coronal reformatted CT scan of the chest demonstrating a nodular consolidative
opacity with surrounding ground glass opacities in a patient with known aspergilloma who pre-
sented with massive hemoptysis. (¢) Fluoroscopic thoracic aortogram demonstrating a blush in the
right upper bronchial artery branch suggestive of active extravasation of blood in the known asper-
gilloma cavity. (d) Post-embolization fluoroscopic thoracic aortogram demonstrating complete
cessation of extravasation suggesting successful bronchial artery embolization
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75%, 89%, and 93% in the first, second, and third BAE, respectively [79]. In most
instances, BAE is a safe procedure; however, catheter insertion site bleeding or
thrombosis, transverse myelitis or paraplegia, bronchial infarction, ischemic colitis,
and rarely strokes have been described in the literature [80]. The most common
complication is transient chest pain which usually resolves in few hours post proce-
dure [81].

Current Role of Thoracic Surgery

In life-threatening hemoptysis, surgical management is an essential facet of therapy.
An early consultation with thoracic surgeon becomes imperative to design a plan of
action in the treatment of massive hemoptysis. Prior to the 1980s, a devastating
78-86% mortality was reported for patients with massive hemoptysis who were
eligible for surgery and surgery was not pursued [5]. However, with advancements
in critical supportive care, bronchoscopic interventions, and interventional radiol-
ogy over the past 40+ years, the scope of surgical involvement has shifted from an
emergent need to a fine balance between stabilization and definitive management of
the underlying condition. It has become clear that the most appropriate surgical
approach and timing is essential in determining outcomes.

In fact, most cases of life-threatening hemoptysis should be managed first with
supportive measures and simultaneous bronchoscopic intervention or interventional
radiology bronchial artery embolization [3, 73]. Outcomes can change dramatically
when surgical lung resection is pursued in the stabilized patient. One series looking
at surgical intervention in severe hemoptysis reported a 35% mortality in patients
operated during active bleeding versus 4% in those operated on after control of
bleeding [82]. Emergent surgery, pneumonectomy, and surgical resection of myce-
toma are independent predictors of postoperative complications, while chronic
alcoholism, need for mechanical ventilation or vasopressors, and blood transfusion
are independent predictors of mortality in surgical patients [82]. Though bronchial
artery embolization can aid in immediate control of bleeding, recurrence occurs in
10-57% of cases [83]. Thus, the indications for emergent surgical interventions are
reserved for those who cannot undergo BAE, those with uncontrolled bleeding after
embolization, and specific clinical situations and life-threatening conditions where
surgery is the only option, for example, an aortobronchial fistula [84]. Even in these
necessary circumstances, the mortality remains high. More recently, an endovascu-
lar approach in combination with surgery has been successful in treatment of aorto-
bronchofistula [85]. Other major indications for surgical treatment (Table 11.3)
include vascular anomalies (tracheoinnominate fistula, pulmonary artery rupture,
and complex arteriovenous malformations), cavitary lesions with recurrent hemop-
tysis, chest trauma, and catamenial hemoptysis (Figs. 11.9 and 11.10). In many
cases, surgery is the only curative option to manage the underlying condition and
prevent recurrence. While hormonal therapy is the first-line treatment for
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Table 11.3 Indications for surgical management of hemoptysis

Indications for surgical management of hemoptysis
Failed embolization or bronchoscopic therapies
Stage I-1IIA lung malignancy without metastasis

Cavitary lesion greater than 6 cm with recurrent bleeding
Mycobacterium tuberculosis
Atypical mycobacteria
Aspergilloma
Lung abscess
Sarcoidosis

Catamenial hemoptysis

Aortobronchofistula

Arteriovenous malformation (AVMs) with failed embolization
Tracheoinnominate fistula

Pulmonary artery rupture

Traumatic lung injury

Severe focal bronchiectasis

Fig. 11.9 (a) Radiograph anterior-posterior view of a patient with a dense right lower lobe cavi-
tary lesion leading to hemoptysis (arrow). (b) CT scan, axial cuts of the chest depicting dense cavi-
tary lesion leading to hemoptysis (arrow)

catamenial hemoptysis, surgical resection may become imperative in patients not
responding to conservative management [86, 87]. Though there are nuanced ave-
nues that exist, the general surgical approach remains lung resection, and as noted
previously, optimizing surgical conditions is critical for patient outcomes. Therefore,
every effort should be made to stabilize the patient prior to surgery, emergent or not.
An airway should be secured, oxygenation and hemodynamic support provided.
The patient should be transfused as appropriate and prompt reversal of any coagu-
lopathy should be completed. Management of hemoptysis continues to be multidis-
ciplinary, and the key to successful treatment lies in early involvement of surgical
and interventional specialists.
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Fig. 11.10 (a) Chest radiograph (anterior-posterior view) of a patient with left lower lobe severe
bronchiectasis presenting with hemoptysis (arrow). (b) CT scan of the chest (axial cuts) depicting
left lower lobe severe bronchiectasis (arrow)
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Chapter 12 )
Role of Interventional Pulmonology b
in Miscellaneous Conditions

Prasoon Jain, Sarah Hadique, Rajeev Dhupar, and Atul C. Mehta

In this chapter, we discuss the emerging role and current status of interventional
pulmonology techniques in management of several conditions that have tradition-
ally required more invasive interventions. We first discuss the current role of bron-
choscopy in diagnosis and management of broncholithiasis, bronchogenic cysts,
and lung abscess. Finally, we discuss current role of bronchoscopy in diagnosis and
management of central carcinoid tumors.

At the outset, it is important to point out that bronchoscopic procedures have not
replaced thoracic surgery in majority of the entities covered herein. However, these
techniques are providing a less invasive adjunct or alternative to more invasive pro-
cedures in a carefully selected group of patients with results that are nearly equiva-
lent to the traditional treatments. It is important is to make sure that long-term
outcome is not compromised in any way when bronchoscopic treatment modality is
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chosen over surgery. In fact, due to emergence of bronchoscopic treatments, a close
collaboration between the bronchoscopist and the thoracic surgeon has become
more critical than ever before.

Broncholithiasis

Broncholithiasis is an uncommon condition in which calcified peribronchial lymph
nodes erode into the airway lumen [1]. The calcified material within the airways is
called a broncholith. Intraluminal broncholiths and associated granulation tissue
cause endobronchial obstruction and a variety of clinical symptoms. Calcified peri-
hilar or mediastinal lymph nodes are nearly always found in patients diagnosed to
have broncholithiasis. Some authors have included bronchial compression or distor-
tion within the working definition of broncholithiasis [2]. However, an overwhelm-
ing majority of such calcified lymph nodes never cause any symptoms. Our
discussion is limited to the cases in which a free or partially eroded broncholith is
visible to the operator during bronchoscopy.

The majority of calcified mediastinal lymph nodes that cause broncholithiasis
result from healed granulomatous infections. Histoplasmosis is the most common
cause in the United States [3].

In the rest of the world including Europe, tuberculosis is the leading cause of
broncholithiasis [4, 5].

Silicosis is the most common noninfectious cause of broncholithiasis [6].
Intraluminal calcified foreign body and endobronchial actinomycosis infection are
also identified as causes of broncholiths in rare instances [7, 8].

Calcified lymph nodes compress and gradually erode adjacent bronchi due to
their movement with respiratory activity and cardiac pulsations. Invariably, the
presence of calcified material in endobronchial tree causes irritation and evokes
chronic inflammatory changes. Granulation tissue is a universal finding on airway
inspection. In some instances, granulomatous reaction is so pronounced that it
becomes difficult to differentiate it from endobronchial malignancy. Bronchoscopic
biopsies are needed to exclude malignancy in these cases. In some cases, broncho-
liths are entirely intrabronchial, loosely attached to the airway wall. In other cases,
only a small part of calcified lymph node is present within the airway lumen. In
these cases, the endobronchial component only represents the tip of the iceberg with
the majority of calcified mass outside the airways. In many instances, broncholiths
are firmly embedded or even entirely covered with the granulation tissue. Such
broncholiths are easily missed on airway examination.

Many broncholiths are asymptomatic and are discovered as an incidental finding
on chest computed tomography (CT) or bronchoscopy [9]. In symptomatic patients,
chronic cough and hemoptysis are the most common symptoms. Hemoptysis is usu-
ally mild and intermittent, but broncholithiasis is known to cause massive and life-
threatening airway bleeding in some patients. Endobronchial obstruction due to
broncholith and granulation tissue causes atelectasis and recurrent pneumonia in
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some patients. Focal bronchiectasis may also develop due to obstruction and
repeated bronchial infections. Spontaneous expectoration of broncholiths, called
lithoptysis, is an uncommon symptom, reported in 3 (16%) patients in a series of 19
cases [10]. Lithoptysis is often ignored and is rarely self-reported by patients unless
directly inquired by physician [11].

Broncholithiasis is an important cause of right middle lobe syndrome (Fig. 12.1).
Therefore, chest CT and bronchoscopy must be performed to exclude broncholithia-
sis in any patient with recurrent right middle lobe atelectasis. Other symptoms
include dyspnea, chest pain, and wheezing. Since clinical presentation is rather non-
specific, the majority of patients remain undiagnosed for an extended period of
time. It is not unusual for some patients to be treated for a mistaken diagnosis of
difficult asthma for years before the correct underlying pathology is identified.

Chest radiographs may disclose calcified hilar or mediastinal lymph nodes in
close proximity to the major airways. Chest CT is more sensitive than plain radiog-
raphy for this purpose. A high-resolution chest CT is advised in every patient sus-
pected to have broncholithiasis (Fig. 12.2). Administration of intravenous contrast
is not needed. In one study, CT showed calcified lymph node in all 15 cases of
broncholithiasis [12]. In ten patients proven to have intraluminal broncholiths on
bronchoscopy in this study, the lymph nodes on CT appeared to erode the airways
in six patients and appeared peribronchial in four patients. Atelectasis was detected
in six patients, focal bronchiectasis in four patients, post-obstructive pneumonia in
four patients, and air trapping in one patient. Broncholiths are more often seen on
the right side.

Chest CT provides additional information that is helpful in treatment planning.
Important findings in this context are presence of fistulous connections with sur-
rounding mediastinal structures such as the esophagus and proximity of calcified
lymph node to the pulmonary artery. It is important to determine whether the erod-
ing lymph node is attached to the surrounding vessels or other mediastinal

Fig. 12.1 PA and lateral chest radiographs showing right middle lobe atelectasis in a patient with
recurrent episodes of cough, purulent sputum, and minor hemoptysis
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Fig. 12.2 Chest computed
tomography in the same
patient showed right
middle lobe atelectasis and
calcified material in right
middle lobe bronchus

structures. Any attempts at bronchoscopic extraction of such broncholiths may lead
to catastrophic airway bleeding or injury to the mediastinal structures. Worsening of
broncho-esophageal fistula has been observed after extraction of broncholiths in
one report [13].

Management

Broncholithiasis is rare and there are no clinical guidelines for management. The
majority of practicing physicians have no firsthand experience in managing these
cases. It may be worthwhile to consider an early referral to a tertiary care center.
Bronchoscopy is the usual next step in patients suspected to have broncholithiasis
on the basis of clinical and radiological findings in order to confirm the diagnosis.
Early consultation with a thoracic surgeon is strongly recommended to determine
the best long-term management strategy, which may involve extraction by rigid
bronchoscopy or surgery.

Role of Bronchoscopy

Bronchoscopy has a key diagnostic role in patients with broncholithiasis.
Bronchoscopy is more sensitive than CT in these patients. An important goal of bron-
choscopy is to determine whether the entire broncholith is freely located within the
airway lumen or whether only a part of calcified lymph node is eroding through the
bronchial wall. Airways must be carefully examined for any suggestions of fistulous
connection with the esophagus or other mediastinal structures.
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Bronchoscopy in broncholithiasis is a difficult procedure. First, excessive cough-
ing during the procedure is very common. Second, the correct diagnosis may not be
possible because some broncholiths are fully covered with granulation tissue and
surrounding inflammation (Fig. 12.3). The bronchoscopic findings closely mimic
endobronchial tumor in many instances. Third, some patients with broncholithiasis
have tendency to bleed excessively after endobronchial biopsies, which can be mas-
sive and life-threatening in some instances. A prior history of hemoptysis is thought
to be associated with a greater risk of bleeding during bronchoscopy in these
patients. Caution is warranted when excessive bleeding is observed with initial
biopsies or minimal manipulation of the broncholith. It should alert the operator to
a possibility of large volume airway bleeding with further attempts at broncho-
scopic extraction of the broncholith.

Bronchoscopy has important therapeutic role in selected patients with broncho-
lithiasis. In a retrospective review from Mayo Clinic, bronchoscopic extraction was
attempted in 71 of 127 (56%) broncholiths [14]. Bronchoscopic removal was
attempted in 46% (48 of 104) of partially eroding broncholiths and 100% (23 of 23)
of loose broncholiths. Successful extraction was feasible in 48% (23 of 48) of par-
tially eroding broncholiths and 100% (23 of 23) of loose broncholiths. Significant
complications included severe dyspnea in one patient due to obstruction of the tra-
chea with a large broncholith and massive airway bleeding in another patient requir-
ing urgent surgical intervention.

Fig. 12.3 Bronchoscopy
in patient with
broncholithiasis showing
marked inflammation and
swelling of opening of
middle lobe bronchus.
Broncholith was not visible
but grating was felt when
probed with biopsy
forceps. Patient underwent
right middle lobectomy
with complete resolution
of symptoms
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In a more recent series, Cerfolio and associates performed rigid bronchoscopy in
34 patients with broncholiths [15]. All 29 mobile broncholiths were successfully
retrieved via bronchoscopic route. Surgery was needed in three patients with fixed
broncholiths and two patients with broncho-esophageal fistula. No procedure-
related complications were encountered. Only three patients required additional
bronchoscopic extraction over a median follow-up period of 4.2 years. A similar
experience was reported in a Korean study in which flexible (n = 2) or rigid (n = 13)
bronchoscopy was successful in removing all 15 intraluminal broncholiths.
However, bronchoscopic removal failed in every case of mixed broncholith where
the calcified lymph node was partly located within and partly outside the airway
lumen [16]. These and several other short reports establish the feasibility and safety
of removing mobile broncholiths with bronchoscopy [17, 18]. The main danger
with bronchoscopic removal of broncholiths is major bleeding, but this is fortu-
nately a rare occurrence. [19]

An important question when contemplating removal of broncholiths is whether
to use a flexible or rigid bronchoscope. Several studies have established feasibility
using a flexible bronchoscope for this purpose. A flexible bronchoscope is also used
to retrieve distal broncholiths that are beyond the reach of a rigid bronchoscope.
However, there can be little doubt about superior ability of a rigid bronchoscope in
removing broncholiths compared to the flexible bronchoscopes. As expected, Olson
and associates reported a 67% success with rigid scope compared to 30% success
with flexible bronchoscope for complete extraction of broncholiths [14]. The same
can be said about the usefulness of a rigid bronchoscope to control brisk airway
bleeding that is sometimes encountered during bronchoscopic extraction of bron-
choliths. A rigid bronchoscope is also more effective than a flexible scope in extract-
ing a large broncholith that is acutely obstructing the central airways. Due to these
reasons, having rigid bronchoscopy readily available is a necessity rather than an
option in this situation.

Some broncholiths are too large to be removed via bronchoscopic route. A major-
ity of these patients require surgical treatment. In highly selected cases, Nd:YAG
laser can be used to dislodge or break the broncholith into smaller fragments to
facilitate bronchoscopic extraction. [20, 21]

Laser treatment has also been used to remove obstructing granulation tissue sur-
rounding the broncholiths [22]. Restoration of the airway lumen with this approach
is helpful in controlling post-obstructive pneumonia and distal atelectasis. A further
application of Nd:YAG laser in these patients is in control of spontaneous or post-
biopsy airway bleeding.

There are isolated reports of using cryotherapy for management of broncholi-
thiasis [23, 24]. Granulation tissue is particularly suitable for removal using a cry-
orecanalization technique. Large broncholiths firmly attached to airways cannot be
removed using this technique.
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Surgery for Broncholithiasis

Surgery is needed in many patients with symptomatic broncholiths who are not suit-
able for bronchoscopic therapies. Indications for surgery are large broncholiths that
cannot be removed via bronchoscope, suspected adhesions with the mediastinal
structures, esophageal fistula, recurrent pneumonia and atelectasis, symptomatic
focal bronchiectasis, and massive hemoptysis [18]. Surgery is also needed in some
patients to exclude an underlying malignancy. Surgery can be technically challeng-
ing due to extensive mediastinal adhesions, but a successful operation provides last-
ing relief from symptoms [25].

Surgical options for broncholithiasis include bronchotomy and broncholithectomy
with removal of calcified lymph nodes. Lung-sparing surgery, such as a segmentec-
tomy, is recommended when feasible [26]. Lobectomy and rarely, pneumonectomy
are needed in some cases [14, 27]. Incision and curettage without removing the outer
shell may be the most suitable intervention if lymph nodes are firmly adhered to the
mediastinal structures. Clearly, surgery is more invasive than bronchoscopic interven-
tions, but sometimes it is the best option. Postoperative complications can include
pneumonia, prolonged air leak, and bronchopleural fistula. Thus, the decision for the
best approach should be made after a detailed multi-specialty evaluation.

Conclusions

Appropriate management of broncholithiasis is not easy. Asymptomatic broncho-
liths may be followed with interval symptom assessment and radiography. While
bronchoscopy is successful in many carefully selected patients, an ill-advised
attempt to remove broncholiths during bronchoscopy can lead to serious hemor-
rhage and poor patient outcome. Surgical treatment can also have challenges due to
adhesions, fibrosis, and fistulae. Optimal results require a close collaboration
between an interventional pulmonologist and thoracic surgeon from the outset.

Bronchogenic Cysts

Bronchogenic cysts are rare congenital disorders of the tracheobronchial tree. Cystic
lesions constitute around 15-20% of all mediastinal disorders. Bronchogenic cysts
account for 40-50% of all mediastinal cysts [28]. Overall, bronchogenic cysts account
for about 5—-10% of all mediastinal pathologies [29]. Appropriate diagnosis and treat-
ment of this disorder requires experience and expertise of a multidisciplinary team
consisting of a thoracic surgeon, pulmonologist, and thoracic radiologist.
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Bronchogenic cysts arise from abnormal budding of primitive foregut [30].
Development of human lungs starts around the fourth week of gestation with forma-
tion of a diverticulum from the ventral wall of primitive foregut. The distal end of
lung bud divides into two parts forming right and left mainstem bronchi for each
lung. Abnormal separation of a part of lung bud during this process leads to forma-
tion of bronchogenic cysts [31].

The cysts are located along tracheobronchial tree when the separation of bud
occurs in early gestation. Nearly 75% of bronchogenic cysts are found in the medi-
astinum, most commonly in subcarinal and paratracheal locations [32]. Delayed
separation of the lung bud is associated with the remaining 25% of bronchogenic
cysts that develop within the lung parenchyma. Indeed, bronchogenic cysts are
known to develop anywhere along the developmental route of the primitive foregut.
Unusual locations for bronchogenic cysts include the pericardium, diaphragm,
abdomen, stomach, pancreas, and skin. Bronchogenic cysts in the lung parenchyma
need to be differentiated from lung abscess, hydatid cyst, infected emphysematous
bulla, traumatic cyst, and tuberculosis. The treatment of parenchymal bronchogenic
cysts is surgical resection. There is no role of interventional bronchoscopy proce-
dures in these patients. Such is not the case with bronchogenic cysts located in the
mediastinum. Our subsequent discussion will mainly focus on patients with medi-
astinal bronchogenic cysts.

While a majority is unilocular, some bronchogenic cysts are multi-loculated.
Histological examination reveals ciliated pseudostratified columnar epithelial lin-
ing, similar to normal human airways. The cyst wall contains variable amounts of
hyaline cartilage, smooth muscles, elastic fibers, fibrous connective tissue, nerve
trunks, and bronchial glands [33]. It is not unusual for the cyst wall to have fibrous
attachments with surrounding structures such as the esophagus, trachea, pleura, and
pericardium. The majority of mediastinal cysts have no direct connection with an
airway lumen. Infection and attempts at needle aspiration may lead to development
of communication between the bronchogenic cyst and the tracheobronchial tree.
The gross appearance of fluid in bronchogenic cysts is highly variable. It may
appear milky and gelatinous; green and mucoid; brown, white, and translucent; and
yellow and pus-like and serous [34]. In some instances, the cyst fluid is described as
milk of calcium. Cytology reveals nonhemorrhagic fluid with bronchial epithelial
cells and mucus. There are no neutrophils, lymphocytes, acid-fast bacilli, or malig-
nant cells in uncomplicated cysts.

The clinical presentation of bronchogenic cysts is highly variable. The majority
of pediatric patients experience symptoms of cough, stridor, acute respiratory dis-
tress, and respiratory infection [35, 36]. Compression of mediastinal structures such
as central airways, pulmonary arteries, and cardiac chambers is a major concern in
these patients. In adults, 30-70% of bronchogenic cysts are asymptomatic, discov-
ered as an incidental radiological finding in the second to fourth decade of life [37].

Nevertheless, a majority of asymptomatic patients managed conservatively can
be expected to develop symptoms at a future date. For instance, in one series, 24 of
37 (65%) of adults with a bronchogenic cyst developed new symptoms while being
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watched without any specific intervention [38]. Symptoms of bronchogenic cysts in
adults are nonspecific and include chest pain, cough, dyspnea, dysphagia, and recur-
rent lung infections.

Complications of bronchogenic cysts among adult patients are reported in up to
25% of patients. These include central airway compression, superior vena cava syn-
drome, superimposed infection, airway fistula formation, and hemorrhage.
Compression of mediastinal structures is more often seen in pediatric patients than
in adults with bronchogenic cysts. The potential for future complications is the main
argument for early surgical intervention in bronchogenic cysts in asymptomatic
patients. An additional concern is malignant transformation of bronchogenic cysts
[39, 40]. In an extensive review of literature, 5 of 683 (0.7%) of bronchogenic cysts
were found to have malignant cells [41]. Though opinions may vary, such low risk
of malignant transformation of bronchogenic cysts may not be clinically as impor-
tant as previously thought [42].

Bronchogenic cysts are often detected as an incidental radiological finding [43,
44]. Chest radiographs may show round or oval densities in right paratracheal or
subcarinal areas. However, plain radiographs have a low sensitivity and computed
tomography is often needed for further evaluation. On CT, bronchogenic cysts are
seen as circumscribed homogeneous masses with thin and smooth walls (Fig. 12.4a).
The majority of mediastinal cysts are located in the middle mediastinum. Nearly
one-half of these have a water density with CT attenuation values of 0-20 Hounsfield
units [34]. Remaining cysts have a higher soft tissue attenuation values due to pres-
ence of mucus, protein, and calcium oxalate [45]. Superimposed infection and hem-
orrhage may also cause attenuation values as high as 120 Hounsfield units on CT in
bronchogenic cysts. [46, 47]

Soft tissue density raises a concern for malignancy at the first sight. A contrast-
enhanced chest CT is helpful in these patients. Soft tissue masses show inhomoge-
neous enhancement, whereas the uncomplicated bronchogenic cysts remain
unchanged after administration of contrast agent. This is different for infected bron-
chogenic cysts that may demonstrate peripheral and sometimes inhomogeneous
enhancement on post-contrast CT images. An air-fluid level in bronchogenic cysts
indicates presence of infection or fistulous connection with the airway. Overall, a
confident diagnosis of uncomplicated mediastinal cysts can be made with chest CT
in up to two-thirds of all cases.

Magnetic resonance imaging (MRI) is also useful in patients suspected to have
bronchogenic cysts. A marked increase in signal density similar to cerebrospinal
fluid on T2-weighted images establishes the cystic nature of the lesion. Cysts con-
taining serous fluid have a low density, and those with high protein fluid have a high
signal density on Tl-weighted images [48]. Gadolinium administration is not
required. In one study, MRI correctly identified bronchogenic cysts in all nine
patients previously thought of having solid or indeterminate lesions on CT imaging.
This suggests that MRI may be superior to CT in assessment of bronchogenic cysts.
However, for all practical purposes, CT remains the most widely used initial imag-
ing modality in these patients.
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Fig. 12.4 (a—d): Chest CT (a) showing bronchogenic cyst in an asymptomatic patient. Patient
initially declined surgery. He underwent a transbronchial needle aspiration (b) that yielded about
20 ml of straw-colored fluid (c). A repeat CT after the procedure showed a significant decrease in
size of the cyst. After a few months, patient underwent successful surgery due to re-accumulation
of fluid

A confident diagnosis on the basis of radiological findings cannot be made in
every patient. In fact, in some series, a correct diagnosis on preoperative imaging
was suspected in less than one-half of patients confirmed to have bronchogenic
cysts after the surgery.

Management

Complete surgical removal is the most definitive therapy. There is limited role of
bronchoscopic treatment in highly selected situations. Early consultation with a tho-
racic surgeon is strongly recommended.
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Surgery for Bronchogenic Cysts

Complete surgical excision is recommended for all symptomatic bronchogenic
cysts. Although there is some debate, most experts would also recommend surgical
resection for asymptomatic bronchogenic cysts discovered incidentally. There are
several arguments for recommending surgery in every case of bronchogenic cyst.
These are (1) surgical exploration and excision of a cyst removes any doubts regard-
ing accuracy of the underlying diagnosis; (2) most asymptomatic patients would
develop symptoms and surgery would eliminate the future development of symp-
toms; (3) surgery is curative and eliminates any future risk of complications such as
enlargement of the cyst, compression of mediastinal structures, infection, hemor-
rhage, and malignant transformation; and (4) surgery is easier and less complicated
in asymptomatic patients than in symptomatic patients who have already developed
a cyst-related complication such as infection, adhesions, and airway fistula [37, 38,
44, 49].

Thoracic surgeons approach mediastinal bronchogenic cysts located in paratra-
cheal and subcarinal locations through either posterolateral thoracotomy or mini-
mally invasively. Alternative approaches may be required for cysts located elsewhere
in the mediastinum. The goal is to perform total enucleation of the cyst because
delayed recurrence has been reported after incomplete excision. Stripping and
removal of epithelial lining is an acceptable alternative when adhesions with the
surrounding structures preclude total enucleation of the cyst.

Video-assisted thoracoscopic surgery (VATS) or robotic-assisted thoracic sur-
gery (RATS) provides a less invasive approach to surgical removal of bronchogenic
cysts and has become the preferred approach in many advanced medical centers [50,
51]. Complete excision was feasible in up to 95% of patients in some series.
Conversion to formal thoracotomy is reported in a small proportion of patients [52].
The advantages of VATS or RATS approach are less postoperative pain, shorter
hospital stay, lower complication rate, and better cosmetic results.

Role of Bronchoscopy

Bronchoscopic transbronchial aspiration is feasible for many mediastinal broncho-
genic cysts [53, 54] (Fig. 12.4b—d). Successful aspiration can be achieved both with
standard “blind” transbronchial needle aspiration (TBNA) and endobronchial
ultrasound-guided transbronchial needle aspiration (EBUS-TBNA). One review on
this subject identified 32 patients from 26 different studies who underwent TBNA
procedure for bronchogenic cysts [55]. Nineteen of 32 patients were symptomatic at
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presentation. Cyst was located in paratracheal location in 14 patients. Aspiration
was performed with therapeutic intent in 19 patients and diagnostic or palliative
purpose in the remaining patients. Thirty-one cysts were drained using either con-
ventional TBNA (n = 16) or EBUS-TBNA (n = 15). Complications were reported in
five (16.1%) patients. Infection of mediastinal cysts was encountered in two patients.
No recurrence was reported during a median follow-up period of 14 months.

On its face value, transbronchial needle aspiration may look like an attractive
treatment option for mediastinal bronchogenic cysts. The procedure is technically
straightforward and can be accomplished without much difficulty under conscious
sedation. However, it would be a grave mistake to consider bronchoscopic aspira-
tion as an alternative to surgery for definitive management other than in cases in
which there is a contraindication to surgery. Transbronchial aspiration is not cura-
tive. Re-accumulation of fluid has been reported in prior reports. There is no infor-
mation on incidence of future recurrence after bronchoscopic aspiration because
long-term follow-up studies are not available. Most importantly, there is potential
for introduction of infection in the cyst and mediastinitis that can be life-threatening.
[56-58] Some investigators recommend routine administration of antibiotics prior
to aspiration of mediastinal cysts to prevent this complication [59]. However, the
efficacy of prophylactic antibiotics for aspiration of bronchogenic cyst has not been
studied. In this regard, it is also important to stress that a routine practice of aspirat-
ing a bronchogenic cyst prior to surgical intervention to “confirm diagnosis” is ill-
advised, and there is nothing to be gained with this practice.

So, what could be the role of bronchoscopic TBNA in bronchogenic cysts? We
can think of three situations in which bronchoscopic TBNA could be offered to
these patients. First, a rapid decompression of cyst with TBNA may provide imme-
diate relief in distressing symptoms due to airway or cardiac compression by a large
or enlarging bronchogenic cyst [60—62]. Acting as a bridge, bronchoscopic TBNA
may allow definitive surgery in a more controlled setting in these patients. Second,
bronchoscopic TBNA can be used for draining an infected mediastinal broncho-
genic cyst [63, 64]. Effective drainage and antimicrobial therapy may control sepsis
and pave the way for future resection of the cyst. Finally, bronchoscopic TBNA can
also be offered to symptomatic patients who decline or are medically unfit to
undergo surgery. A case can also be made for management of recurrent broncho-
genic cyst with bronchoscopic aspiration after an incomplete prior surgical excision
[65]. At least, a short-term relief from symptoms can be expected with broncho-
scopic aspiration in a majority of these patients.

We cannot emphasize enough that extreme caution is needed before choosing
bronchoscopic treatment over surgery. A particularly difficult situation arises when
an asymptomatic cyst is detected in a patient who declines surgery or cannot undergo
surgery for medical reasons. Bronchoscopic drainage can be offered to these
patients. However, our recommendation is to watch these patients with serial imag-
ing for a few months and perform bronchoscopic drainage only if the cyst increases
in size or the patient develops symptoms.
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Conclusion

Surgical removal is recommended for the majority of patients with mediastinal
bronchogenic cysts. Surgery is diagnostic and curative in these patients. In highly
selected situations, a temporary relief in symptoms can be accomplished with bron-
choscopic aspiration of the cyst. Although the bronchoscopic approach is techni-
cally simple, it cannot be considered a viable alternative to surgery due to the
potential for introducing infection and lack of information on long-term outcome
with this therapy.

Lung Abscess

Lung abscess is a result of destruction of the lung parenchyma that leads to develop-
ment of cavities filled with pus or necrotic material [66]. Patients with lung abscess
present with cough, fever, and purulent sputum. Radiological imaging reveals air-
fluid level in a cavity surrounded by variable degree of consolidation (Fig. 12.5).
The majority of lung abscesses are due to aspiration of oropharyngeal secretions
into the lung. Important predisposing causes are altered mental status, chronic alco-
holism, poor dental hygiene, uncontrolled diabetes, malnutrition, swallowing disor-
ders, and immunocompromised state. Airway obstruction due to lung cancer is also
an important cause of lung abscess. An inhaled foreign body may also cause endo-
bronchial obstruction and lung abscess in certain situations. The majority of pri-
mary lung abscesses due to aspiration of oropharyngeal contents are polymicrobial
in nature. Oral anaerobic organisms are most often implicated [67]. Other important

Fig. 12.5 Chest
radiograph showing a lung
abscess in a patient
presenting with cough,
fever, and purulent sputum.
All abnormalities resolved
with a 4-week treatment
with amoxicillin-
clavulanic acid
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etiological agents include Klebsiella pneumoniae, Staphylococcus aureus,
Pseudomonas aeruginosa, group A streptococcus, enteric gram-negative rods, and
Streptococcus pneumoniae. Mycobacterium tuberculosis, endemic fungal infec-
tions, and parasitic infections should also be considered in certain epidemiological
settings.

Lung abscess is a serious infection [68]. A review of 184 lung abscess cases in
1983 showed an overall mortality of 25% [69]. More recent experience suggests an
improvement in survival, but a mortality of 5—10% can be expected in patients with
lung abscess [70].

Antimicrobial therapy, postural drainage, and nutritional support are the main-
stays of lung abscess treatment. The majority of lung abscess patients show clinical
and radiological improvement with appropriate antimicrobial agents and supportive
care [65]. Subjective improvement and resolution of fever can be expected in
7-10 days. However, 10-20% of patients fail to show clinical response. Suboptimal
clinical and radiological response with 2 weeks of appropriate medical therapy
should prompt a review of management strategy. Resistant or unusual organism,
ineffective cough reflex, immunocompromised state, and endobronchial obstruction
are the leading causes of treatment failure and poor outcomes in such patients [71].

Antimicrobial therapy must be reviewed and altered if resistant organisms are
suspected or isolated. Drainage of lung abscess and surgical resection are important
considerations in patients who are not responding to the therapy [72—74]. Drainage
of lung abscess can be accomplished via percutaneous or bronchoscopic routes.
Failure of drainage procedure is an indication for surgical treatment. Choosing the
most appropriate intervention is a complex clinical decision. A multidisciplinary
discussion is very helpful in selecting the most effective therapeutic approach.

CT-Guided Drainage in Lung Abscess

An important reason of treatment failure is inability to expectorate purulent con-
tents of abscess cavity due to endobronchial obstruction secondary to inflammatory
edema. CT-guided percutaneous drainage can be useful in such patients.

Several case series have reported usefulness of CT-guided drainage of abscess
cavity in patients with poor response to antibiotics. In one study, CT-guided cathe-
ters were placed in 19 lung abscess patients who had persistent sepsis despite appro-
priate antimicrobial therapy. Clinical and radiological response was observed in all
patients. However, three patients still required surgery. The procedure was compli-
cated by hemothorax in one patient [75]. In another study, 40 patients with failed
response to antibiotics underwent a CT-guided drainage [76]. Lung abscess resolved
completely in 33 (83%) patients. Remaining seven patients required surgical inter-
vention. The procedure was complicated by pneumothorax in five (12.5%) patients.
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In aliterature review that included 21 studies, data from 124 lung abscess patients
undergoing percutaneous drainage were examined [77]. Treatment success was
defined by control of sepsis, avoidance of surgical therapy, and improvement in
radiological findings. Overall, 104/124 (83.9%) of study subjects has a successful
treatment outcome with percutaneous drainage. Complication rate was 16.1%.
Pneumothorax was the most common complication. Other complications included
bleeding, hemothorax, and empyema. The overall mortality in this series was 4%.
This is lower than 14-18% mortality reported after surgical therapy [78]. However,
the mortality comparison between percutaneous drainage and surgical treatment is
not valid because surgery is performed in more complicated and sicker patients,
often after percutaneous drainage has already failed to achieve the desired clinical
outcome.

Percutaneous drainage also provides specimens for microbiological studies
which are helpful in choosing appropriate antimicrobial therapy. Antimicrobial
therapy was modified in 43% and 56% of patients who underwent a percutaneous
drainage of lung abscess in two separate studies [79, 80].

Unfortunately, in the absence of any controlled trials, the indications and tim-
ing of percutaneous drainage of lung abscess remain poorly defined. Failure of
clinical response with 2 weeks of antimicrobial therapy, persistence of worsening
of sepsis, and size of abscess >4—8 cm are accepted indications for consideration
of CT-guided drainage. Similarly, how long to continue percutaneous drainage is
uncertain and needs to be determined on case-by-case basis. Percutaneous drain-
age can be accompanied by persistent broncho-cutaneous fistula, which can result
in the need for a prolonged drainage tube or the need for surgical procedures such
as a Clagett window. Therefore, consultation with a thoracic surgeon prior to per-
cutaneous drainage may facilitate long-term success and potentially avoid com-
plications. Successful outcome in multi-loculated and thick-walled cavities is less
likely, and in the absence of prompt clinical response, a surgical referral is indi-
cated in these patients.

Bronchoscopy in Lung Abscess

Bronchoscopy was frequently performed for drainage of lung abscess in pre-
antibiotic era [81, 82]. However, with availability of effective antimicrobial agents,
a routine bronchoscopy is no longer indicated in all cases of lung abscess. In fact,
extreme caution is warranted during bronchoscopy due to risk of sudden flooding of
airways with purulent material in patients with lung abscess [83]. Nonetheless, in
carefully selected patients, bronchoscopy has important diagnostic role in manage-
ment of lung abscess. Less often bronchoscopy may also be used for drainage of
lung abscess, especially in cases where an obstruction is present.
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Diagnostic Role of Bronchoscopy

Bronchoscopy is indicated in patients with lung abscess when endobronchial
obstruction due to tumor or airway foreign body is suspected. In a series of 184
patients with lung abscess, 7.6% of patients had proximal obstructing tumor [69]. In
some instances, bronchoscopy is needed for collecting specimens for microbiologi-
cal studies. Mostly, this is needed when patients are not responding to antimicrobial
therapy and there is suspicion for tuberculosis and fungal or parasitic infections.
Bronchoscopy is also indicated in lung abscess patients with significant hemoptysis.
We also advise bronchoscopy in any patient who is being considered for percutane-
ous drainage or surgical therapy for lung abscess.

The most common findings on bronchoscopy in lung abscess are inflammation,
swelling, and edema of the segmental bronchus leading to the abscess cavity.
Purulent material may be seen in endobronchial tree. Mucosal friability and some
granulomatous changes may be observed. In some patients, differentiating these
changes from submucosal and endobronchial spread of tumor may not be possible
without biopsies and careful follow-up.

Therapeutic Role of Bronchoscopy

There are limited data on the role of bronchoscopic drainage of lung abscess. As
such, the concept of bronchoscopic drainage of lung abscess is not new. Several
short series and case reports in the 1970s established feasibility of bronchoscopic
drainage of lung abscess [84, 85]. However, in the absence of controlled studies, the
indication and timing of such intervention remains poorly defined. Still, in carefully
selected patients, bronchoscopic drainage of lung abscess provides an effective and
minimally invasive approach to drainage of lung abscess not responding to antibi-
otic therapy (Fig. 12.6a—f).

Several studies have established technical feasibility of bronchoscopic drainage
of lung abscess. For example, Rowe and associates used brush forceps and angio-
graphic catheters to drain ten patients with lung abscesses [86]. Rapid clinical
response was observed in all patients. Multiple microbial agents were cultured from
the pus drained from abscess cavity. The complete resolution of abscess was
observed in seven patients on radiological imaging 3 months after the procedure. No
procedure-related complications were encountered. Similarly, Jeong and associates
performed bronchoscopic drainage of lung abscess in 11 patients who did not show
expected clinical and radiological improvement with antimicrobial therapy [87].
The cavity sizes ranged from 4 to 15 cm. The investigators introduced a flexible
polyethylene catheter into the abscess cavity and aspirated pus with a 30-cc syringe.
Six patients had significant clinical and radiological improvement. In those who
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Fig. 12.6 Lung abscess in left upper lobe (after 6 weeks of antibiotic therapy) (a). Corresponding
CT from the same patient (b). Bronchoscopic image of the pigtail catheter entering the left upper
lobe (c). Chest radiograph showing the pigtail catheter within the abscess cavity (d). Chest radio-
graph (e) and CT (f) 6 weeks after bronchoscopic drainage. (Reprinted with permission from
Herth [147])
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responded, the abscess was larger than 8 cm, and air-fluid level was higher than 2/3
of abscess cavity. The amount of aspirate in these patients ranged from 20 to 110 ml.
Useful diagnostic information was obtained in two additional patients. No compli-
cations were noted. In another report, Schmitt and associates described broncho-
scopic placement of an intracavitary indwelling catheter prolonged irrigation and
drainage of lung abscess in three patients [88]. The procedure was performed under
fluoroscopic guidance. Resolution of infection was achieved in all three cases.

In the largest study on this subject, Herth and associates performed transbron-
chial drainage in 42 patients who were failing medical therapy for lung abscess [89].
The investigators placed pigtail catheters over guide wire into the cavity during
bronchoscopy. The procedure was successful in 38 patients. The abscess cavity was
flushed with gentamicin twice a day. All patients responded to therapy after a mean
of 6.2 days. Two patients required transient mechanical ventilation. There were no
other complications.

In a recent case series from Israel, 15 patients underwent 16 bronchoscopy pro-
cedures during which pigtail catheters were placed under fluoroscopy guidance
[90]. An adequate drainage could be accomplished in 13 cases. The catheter was
kept in the abscess cavity for a median of 4 days. Most patients responded clinically.
One patient developed pneumothorax and empyema requiring chest tube drainage.
Emergent surgery was needed in another patient who developed significant bleeding
after the procedure.

There are isolated reports of using Nd:YAG laser to facilitate placement of
catheter into abscess cavity. The experience is very limited and at present, this
approach cannot be recommended due to potential risk of bleeding complications
[91]. In one case report, argon plasma coagulation was applied to restore patency
of airway that facilitated the bronchoscopic drainage of lung abscess [92]. Of
great interest are recent reports of aspirating lung abscess using radial probe endo-
bronchial ultrasound (R-EBUS) technology during bronchoscopy [93-96]. The
technique is rather simple. After lung abscess is located with R-EBUS, the ultra-
sound probe is removed and the guide sheath is used to drain the pus from the
abscess cavity. Microbiological analysis of drained material in these studies was
found to be helpful in identification of causative organisms and choice of appro-
priate antimicrobial agents. All patients treated using this approach made full
recovery without any procedure-related complications. In addition, the recent
introduction of robotic bronchoscopy has facilitated the ability to place a scope
into very distal airways under visualization, which has potential to allow for eas-
ier drainage and sampling. It remains to be seen if this is a practical application of
the technology.

Based on review of current literature, it can be concluded that bronchoscopic
drainage of lung abscess is technically feasible and clinically useful in many
patients. The bronchoscopic approach is most suitable for patients who have a cen-
trally located abscess with a bronchus leading to the abscess cavity. A decision to
proceed with bronchoscopic drainage can be made after a multidisciplinary discus-
sion in patients who are failing medical therapy.
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Surgical Treatment of Lung Abscess

Surgery was the mainstay of lung abscess treatment before availability of antimicro-
bial agents [97]. In post-antibiotic era, surgery is needed in less than 10% of patients
with lung abscess [69]. Surgery is most often performed when there is failure of
both medical therapy and nonsurgical drainage procedures. Immediate surgery may
be needed for patients with persistent bronchial obstruction due to lung cancer or
embedded foreign body, major hemoptysis, and extension of infection to the pleural
space [74]. Lobectomy is the most common surgery for lung abscess [98]. Some
patients can be treated with segmentectomy. However, general medical condition,
pulmonary reserves, and the very inflamed state of the thoracic cavity may not allow
any form of resection in some patients. Cavernostomy can be considered in these
patients. In this operation, the abscess cavity is opened and all purulent and infected
material is removed. This is followed by immediate closures or marsupialization of
cavity. In a cohort of lung abscess patients who required surgical intervention, 28
patients underwent surgical resection and 32 underwent surgical drainage (caver-
nostomy) [78]. The drainage procedure was performed in sicker patients who could
not tolerate resection due to general medical condition. Drainage was also chosen
over surgical resection due to technical reasons such as severe adhesions. The com-
plication rate and mortality were 36.3% and 18.2%, respectively, in drainage group
compared to 32.1% and 14.3%, respectively, in resection group.

When surgery is a consideration for suppurative lung disease, it is important to
differentiate a lung abscess with a single large cavity filled with pus from necrotiz-
ing pneumonia and pulmonary gangrene. Lung abscess patients should have a trial
of nonsurgical drainage if initial antibiotic therapy is not effective, as discussed
above. A clinical and radiological response with this approach would obviate the
need for surgery and over the next few weeks. Surgery should be considered when
there is failure of clinical response to percutaneous or bronchoscopic drainage.
Gangrene of the lung should be approached differently [99]. Radiological imaging
in necrotizing pneumonia and pulmonary gangrene shows multiple abscesses within
necrotic sloughing of the lung parenchyma [100, 101]. Clinical deterioration despite
adequate antimicrobial therapy is a strong indication for surgical consultation in
these patients [100]. CT-guided or bronchoscopic drainage has no role in such cases.
Appropriate timing of surgery in these cases is a matter of clinical judgment, but it
should be performed before development of septic shock or pleural extension of
infection as much as possible [102, 103]. Emergent surgery including pneumonec-
tomy has a lifesaving value in these patients [104].

Conclusions

Antimicrobial therapy remains the mainstay of treatment. However, 10-20% of
patients who do not respond to the initial therapy require a drainage procedure.
Percutaneous drainage is most often used initially, but recent experience has shown
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bronchoscopic approach to be as effective but safer in properly selected patients.
There is an emerging role of R-EBUS in this regard. Nonsurgical drainage of lung
abscess using these techniques has potential to reduce the need for surgical inter-
ventions and to improve patient outcomes.

Bronchial Carcinoid

Carcinoid tumors are a low-grade malignancy of neuroendocrine origin [105].
Overall, carcinoid tumors account for 2-3% of all malignant tumors of the lung
[106]. The majority of carcinoid tumors arise from large central airways. About
10-15% of carcinoid tumors are peripheral in location [107].

Small localized peripheral carcinoids are most often discovered as an incidental
finding on radiological imaging in asymptomatic patients. On chest CT, these are
seen as smooth or lobulated solitary nodules in the lung parenchyma with a signifi-
cant enhancement after administration of intravenous contrast. Central carcinoid
tumors account for the remaining 85-90% of cases. As opposed to peripheral carci-
noids, the majority of patients with central carcinoid tumors are symptomatic with
recurrent post-obstructive pneumonia, cough, hemoptysis, wheezing, or atelectasis
[108, 109]. Symptoms of carcinoid syndrome such as flushing, diarrhea, sweating,
palpitations, and dizziness are very uncommon, seen in <2-5% of patients [110].
CT imaging in central carcinoids shows endobronchial tumor with or without addi-
tional findings such as distal atelectasis, or localized hyperinflation. In many
instances, the tumor has a dumbbell shape with the main part of the tumor in the
lung parenchyma and a smaller component within the airway lumen.

Histologically, carcinoid tumors are classified into typical carcinoid and atypical
carcinoid [111]. Typical carcinoid tumors have 0-1 mitosis/mm? without necrosis.
Atypical carcinoids are pathologically defined by >2 mitosis/mm? with associated
focal necrosis. Atypical carcinoid tumors demonstrate a more aggressive biological
behavior with greater tendency of metastasis to regional lymph nodes and other
distal locations. Typical carcinoids are more indolent and have lower incidence of
distal metastatic disease. At the time of diagnosis, up to 20% of patients with atypi-
cal carcinoid tumors have evidence of distant metastasis as opposed to less than 5%
of patients with typical bronchial carcinoids.

In a recent review of data on 4111 patients with biopsy-proven lymph node-
negative typical carcinoid tumor of the lung, 5-year overall survival after lobectomy,
sub-lobar resection, and no surgery was 93%, 94%, and 69% respectively.
Corresponding disease-specific survival was 97%, 98%, and 88%, respectively
[112]. It is important to note that the distinction between typical and atypical carci-
noid is possible only in surgically removed tumors. A confident distinction may not
be possible on small biopsy obtained with bronchoscopy, as discussed below.
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Role of Bronchoscopy in Diagnosis

Peripheral carcinoid tumors are most often diagnosed on histological examination
of surgical specimen. A CT-guided biopsy has provided diagnosis in a handful of
cases. Bronchoscopy is not helpful in diagnosis of peripheral carcinoids.

In contrast, bronchoscopy is most often used for diagnosis of central carcinoid
tumors (Fig. 12.7). Airway inspection reveals a pink to red smooth and glistening
endobronchial tumor partially or totally occluding the airway lumen. Some tumors
are only loosely attached to the airway wall. Tumors are typically located in main-
stem, lobar, or segmental bronchi. Carcinoid tumors are highly vascular. There are
reports of excessive bleeding spontaneously or after endobronchial biopsies from
carcinoid tumors [113]. The risk of bleeding with bronchoscopic biopsies has varied
widely in different studies. For instance, in a series of 23 patients, moderate to
severe hemorrhage was observed in 6 (26%) of patients after bronchoscopic biop-
sies [114]. In another report, excessive bleeding was observed in 12 of 25 (48%) of
patients with bronchial carcinoid after endobronchial biopsies. One patient required
blood transfusion [115]. Due to this reason, there is some reluctance to perform
endobronchial biopsies in suspected carcinoid tumors [116]. However, recent expe-
rience indicates that the bleeding risk may not be as great as previously thought. For
example, in a recent study, moderate to severe bleeding was encountered in 2 of 35
(5.6%) of patients undergoing bronchoscopic biopsies for central carcinoid tumors
[117]. No patient required blood transfusion or emergency thoracotomy for uncon-
trolled bleeding. The incidence of bleeding after biopsy in this study was very simi-
lar to 5.9% bleeding risk in 454 similar patients reported in medical literature [117].
Most experts now agree that bleeding risk should not preclude attempts to obtain
tissue diagnosis from suspected carcinoid tumors during bronchoscopy [110].
Nevertheless, it is prudent to have equipment and expertise readily available to man-
age a large post-biopsy airway bleeding in these patients.

Diagnosis cannot be confirmed with bronchoscopy in every patient with bron-
chial carcinoid. Diagnostic yield of bronchoscopy has varied from 50 to 70% in
different studies [118]. In one series, incorrect diagnosis was given on initial bron-
choscopic biopsies in 50% of patients later proven to have carcinoid tumors on
surgical specimens [119]. In some instances, carcinoid tumor is mistaken for a small
cell lung cancer due to presence of crush artifacts. Ki-67 cell proliferation labeling
index is helpful in differentiating small cell lung cancers from carcinoid tumors
[120]. In small cell lung cancer, the Ki-67 index is >50%, whereas it is <20% in
carcinoid tumors. Small size of biopsy specimens also precludes a pathological dis-
tinction between atypical and typical carcinoid tumors. Staining for Ki-67 is not
helpful in this situation [121, 122]. It is particularly difficult to interpret biopsies
from atypical carcinoid tumors. In one study, the majority of tumors identified to be
atypical carcinoids after surgery were initially thought to be some other tumor on
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Fig. 12.7 Endobronchial carcinoid tumor completely blocking right main bronchus (a). Multiple
atypical carcinoid tumorlets involving the trachea in another patient (b, ¢)
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preoperative bronchoscopic biopsies [123]. There is interest in improving diagnos-
tic yield of bronchoscopy using cryobiopsies in which the tissue specimen is larger
than that obtained with usual forceps biopsies. In a small series, cryobiopsies pro-
vided diagnostic tissue in all five patients with bronchial carcinoids [124]. Excessive
bleeding was not observed in any patient. The results from this study suggest a
future role of cryobiopsies in bronchial carcinoids but more work is needed in this
area. Clinical presentation in conjunction with a multidisciplinary discussion with a
pulmonologist, thoracic surgeon, radiologist, and pathologist can facilitate treat-
ment planning in cases where the diagnosis is unclear.

Treatment of Bronchial Carcinoid Tumors

Surgical resection is the current standard of treatment for localized bronchial carci-
noid tumors. An important goal of surgery is to preserve as much lung parenchyma
as feasible [119]. Systematic lymph node dissection or sampling is indicated to
ensure appropriate staging and complete anatomic resection. Lymph node involve-
ment is reported in up to 25% of patients with typical and 50% of patients with
atypical bronchial carcinoids. Lobectomy and bi-lobectomy are the most common
surgical procedures in many large case series [123, 125]. Pneumonectomy is per-
formed in 3-10% of patients. Bronchial sleeve resection or a sleeve lobectomy to
preserve the lung parenchyma is strongly preferred over pneumonectomy. A 5-year
survival of >90% and a 10-year survival of >80-85% can be expected after surgery
in patients with typical carcinoid tumors [116, 123, 126, 127]. Corresponding sur-
vival rates are 70% and 50%, respectively, for patient with atypical carcinoids. A
multidisciplinary decision-making in diagnostic and therapeutic choices from the
outset is associated with better patient outcomes.

Role of Therapeutic Bronchoscopy

There is interest in exploring interventional bronchoscopy procedures for definitive
treatment of bronchial carcinoids strictly limited to endoluminal location without evi-
dence of extra-luminal tumor, or mediastinal lymph node involvement. Several stud-
ies published over a span of more than two decades have explored this treatment
option. Generally speaking, despite considerable progress in this area, bronchoscopic
therapies have not replaced surgery for definitive therapy of bronchial carcinoids.
There is little doubt that bronchoscopy has much to offer in symptom palliation in
these patients. However, the idea of choosing interventional bronchoscopy over sur-
gery as a stand-alone therapy in these patients has not gained widespread acceptance.
In the following section, we examine the current literature on this subject.
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In 1995, Sutedja and associates from the Netherlands used bronchoscopic thera-
pies in 11 patients with intraluminal typical bronchial carcinoid tumors [128]. Six
patients received Nd:YAG laser, one patient received Nd:YAG and photodynamic
therapy, and four patients had mechanical debulking using rigid bronchoscope. Six
patients who underwent surgical therapy after initial bronchoscopic therapies
showed no residual tumor. Remaining five patients remained free of carcinoid over
a median follow-up period of 47 months (range 27-246 months). Treatment-related
bronchostenosis developed in one patient.

In a subsequent report, the same group highlighted the importance of high-
resolution chest CT (HRCT) in selection of patients suitable for bronchoscopic
therapies [129]. In this study, 18 patients underwent HRCT prior to bronchoscopic
therapy. Nine of ten patients without evidence of peribronchial disease on CT
remained free of tumor after bronchoscopic therapy. In five patients, HRCT showed
peribronchial disease. Salvage surgery was needed in three of these patients after
initial bronchoscopic therapy. HRCT findings were inconclusive in three patients.
Absence of peribronchial invasion on HRCT was felt to be useful in selecting
patients suitable for bronchoscopic therapy.

Cavaliere and associates reported treating 38 intraluminal carcinoid tumors with-
out mediastinal lymph node enlargement with laser therapy [130]. Selection criteria
in this study required tumor to be small (<4-5 cm?), pedunculated or with implanta-
tion base <1.5 cm, and minimum or no infiltration of bronchial wall. Treatment was
highly successful in 92% of patients over a median follow-up of 24 months.

In a study from the UK, 28 patients had mechanical removal of endobronchial
carcinoid using a rigid bronchoscope [131]. An average of five treatment sessions
was needed for complete eradication of the tumor. Patients were followed for a
median of 8.8 years. One and 10-year disease-free survival was 100% and 94%,
respectively. One patient had a recurrence 80 months after initial treatment and
underwent a successful surgical resection. Significant hemorrhage was encountered
in one patient but it could be controlled with local measures.

Bertoletti and associates used bronchoscopic cryotherapy to treat 11 patients
with isolated endobronchial carcinoid tumors [132]. Both rigid and flexible bron-
choscopes were used. Median follow-up period was 55 months. Only one patient
had recurrence 7 years after initial therapy. No treatment-related complications such
as bronchial stenosis were encountered. Several additional case series have reported
similar experience with bronchoscopic therapy of bronchial carcinoids [133—-136].
It is important to point out that initial bronchoscopic therapy does not seem to inter-
fere with success of future resectional surgery in these patients.

Brokx and associates have recently reported an update on 112 patients with cen-
tral carcinoids treated with bronchoscopic treatments [137]. Twenty nine (26%) of
subjects had atypical carcinoid tumor. The minimal follow-up period was 5 years.
Bronchoscopic treatment was curative in 42% of patients. Emergency pneumonec-
tomy for uncontrolled bleeding was needed in one case. Five-year survival was
97%. Disease-specific 5-year survival was 100%. Overall and disease-specific
10-year survival was 80% and 97%, respectively. Recurrence on long-term
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follow-up was encountered in 7.8% of patients initially treated with bronchoscopic
treatment. Salvage surgery was not adversely affected by prior bronchoscopic treat-
ment in these patients. In a related report, a tumor diameter of <1.5 cm and the
tumor strictly located within the bronchial lumen on computed tomography pre-
dicted treatment success on multivariate analysis [138].

Advocates of bronchoscopic therapy have made many pleas to consider it as an
initial treatment in selected patients with central bronchial carcinoids [139, 140].
However, many experts and practice guidelines in this area do not agree with their
view and continue to recommend surgical treatment for every patient with bronchial
carcinoid [108, 109]. Whether bronchoscopic therapy is non-inferior to surgery in at
least some of these patients can only be settled with a prospective randomized trial
with a long-term follow-up [141]. Such a trial is not a realistic possibility anytime
soon. It is worthwhile to recall that a majority of data on surgical therapy for this
disease also comes from retrospective case series.

The experience with bronchoscopic treatments accumulated for over more than
two decades is difficult to ignore. At a minimum, these data provide enough justifi-
cation to pursue bronchoscopic therapies in patients who have localized endobron-
chial carcinoid but cannot tolerate lung surgery due to limited pulmonary reserves
or associated comorbidities. Patient preference must also be taken into account with
shared decision-making. One might add the caveat that bronchoscopic therapy must
only be offered by experienced interventional pulmonologists after a thorough plan-
ning, multidisciplinary discussions, thoracic surgery backup, and detailed informed
consent. Serious complications are uncommon but an occasional patient has needed
emergency thoracotomy to manage severe bleeding. We have reported a case of
cardiac arrest due to carcinoid crisis and coronary spasm in one such patient under-
going laser bronchoscopy [142].

The role of bronchoscopic treatment as an adjunct to definitive surgery has also
been explored. For example, in one study, nine patients underwent bronchoscopic
resection followed by surgical therapy [143]. Removal of endobronchial obstruction
led to clearing of distal pneumonia in five study patients. Bronchoscopic treatment
was also felt to improve pre-surgical status and allowed a less extensive lung resec-
tion in these patients. Similar experience was recently reported in 25 patients with
endobronchial carcinoids [144]. Initial endobronchial resection of tumor allowed
successful bronchoplasty in all study patients without needing any lung resection.
High success with two-stage surgery in this report suggests an interesting future role
of bronchoscopy alongside surgical treatment for central carcinoid tumors.

There cannot be much disagreement that bronchoscopy has a role in palliative
therapy of central airway obstruction due to inoperable central carcinoid. Many
inoperable patients have undergone bronchoscopic treatment with good control of
symptoms. Bronchoscopic therapies can also be useful for disease recurrence in
patients who had prior surgical therapy [145, 146].

In our view, bronchoscopic therapy for bronchial carcinoids is an important com-
ponent of overall treatment paradigm, and it should be considered an adjunct or
alternative rather than a replacement for surgical resection.
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Conclusions

Bronchial carcinoids are low-grade malignant tumors of neuroendocrine origin. At
presentation, the majority of bronchial carcinoids are localized to central airways.
Surgery is the current standard of care for eligible patients. Bronchoscopic treat-
ments may be considered in carefully selected patients after appropriate multidisci-
plinary discussion and detailed planning. A careful long-term follow-up including
serial bronchoscopies and chest CT must also be established if bronchoscopic ther-
apy with curative intent is chosen. Bronchoscopy also has an important role in pal-
liation of symptoms in advanced and inoperable disease.
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Chapter 13
Undiagnosed Exudative Effusion:
Thoracoscopy Vs. Pleuroscopy

Pyng Lee

Abbreviations

CXR  Chest radiograph

CT Computed tomography

PET  Positron emission tomography
MRI  Magnetic resonance imaging
PF Pleural fluid

CEA  Carcinoembryonic antigen
Cyfra Cytokeratin fragment

CNB  Closed pleural biopsy

Introduction

Medical thoracoscopy (MT), pleuroscopy, and video-assisted thoracic surgery
(VATYS) are terms used interchangeably to describe a minimally invasive procedure
that provides the physician a window into the pleural space. They differ only in the
approach to anesthesia. Stapled lung biopsy, resection of pulmonary nodules, lobec-
tomy, pneumonectomy, esophagectomy, and pericardial windows are performed in
the operating room with single-lung ventilation and rigid instruments, while others
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Table 13.1 VATS versus pleuroscopy

Procedure | VATS Pleuroscopy

Where Operating room (OR) Endoscopy suite or OR

‘Who Surgeons Trained non-surgeons

Anesthesia | General anesthesia Local anesthesia
Double-lumen intubation Conscious sedation
Single-lung ventilation Spontaneous respiration

Indications | Parietal pleural biopsy, pleurodesis, decortication, | Parietal pleural biopsy,
stapled lung biopsy, lung nodule resection, pleurodesis, chest tube
lobectomy, pneumonectomy, pericardial window, placement under direct
esophagectomy lung visualization

have performed VATS wedge resection under regional anesthesia [1, 2]. Pleuroscopy
is conducted by non-surgeon pulmonologist in an endoscopy suite under local anes-
thesia and conscious sedation (Table 13.1) [3, 4].

In 1910, Hans Christian Jacobaeus, a Swedish internist, described examination
of the thoracic cavity using a rigid cystoscope attached to an electric lamp. His first
two patients had exudative pleuritis and the procedure was referred to as “thorakos-
kopie.” Jacobaeus later detailed lysis of pleural adhesions by galvanocautery that
collapsed the underlying tuberculous lung also known as Jacobaeus operation for
the lack of effective antituberculous drugs [5-7].

Pleural Effusion of Unknown Etiology

The first step toward investigating pleural effusion is thoracentesis. More than half
of exudative effusions are due to malignancy [8], and although pleural fluid cytol-
ogy is the simplest definitive method, its diagnostic yield depends on the extent of
disease and nature of the primary malignancy [9]. Cytologic examination of the
pleural fluid may be positive in 62% of patients with metastatic disease and less than
20% for mesothelioma [8, 9]. Repeated large volume thoracentesis increases the
yield by 27% with a second aspiration, and a further 5% with a third [10]. The addi-
tion of closed pleural biopsy merely improves the yield by 10%, and is of little value
for tumors confined to the diaphragmatic, visceral, or mediastinal pleura [11].
Contrast-enhanced CT is better than standard CT for the evaluation of the pleura,
and features such as nodularity, irregularity, and pleural thickness greater than 1 cm
are highly suggestive of malignancy [12, 13]. Higher diffusion coefficient values are
also observed in epithelioid mesothelioma compared with sarcomatoid or biphasic
types when dynamic contrast-enhanced MR imaging is performed [14]. Positron
emission tomography (PET) with 18-fluorodeoxyglucose (18-FDG) is helpful for
the detection of malignancy in patients with preexisting benign pleural pathologies
so long as there is no infection, inflammation, or prior talc pleurodesis [15, 16].
Imaging of the pleura can be performed at the patient’s bedside using US, and US is
increasingly utilized to guide pleural procedures, particularly in the selection of
appropriate sites for thoracentesis, tube thoracostomy, and thoracoscopy [17].
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Ultrasonography (US) features of pleural thickening >10 mm, pleural nodularity,
and diaphragmatic thickening >7 mm are diagnostic of malignancy with 73% sen-
sitivity and 100% specificity [18]. “Echogenic swirling pattern” during respiratory
or cardiac movements may be another US sign of malignant pleural effusion [19].

Pleural fluid (PF) biomarker carcinoembryonic antigen (CEA) conferred 94%
specificity but poor sensitivity (54%) for malignancy [20]. Cytokeratin fragment
(Cyfra) 21-1 combined with CEA increased sensitivity and specificity >90% [21],
while Cyfra 21-1 and telomerase demonstrated 86.9% accuracy for malignancy
[22]. BIRC5 mRNA and CEA appeared promising but would require clinical vali-
dation [23]. PF cytology has a poor diagnostic yield (32%) if mesothelioma is sus-
pected [9]. PF and serum osteopontin levels showed low sensitivity and specificity
for mesothelioma [24-26]. Serum-soluble mesothelin-related protein was also not
useful in differentiating malignant mesothelioma from lung cancer and asbestosis
[27]. In tuberculosis-prevalent areas, routine pleural fluid analysis might not reveal
the underlying etiology of a lymphocyte-rich pleural effusion. VEGF and endostatin
at cutoff values of 1.60 ng/ml and 4.00 ng/ml, respectively, might discriminate
malignancy from tuberculous pleurisy with good sensitivity and specificity [28].

“Blind” or closed pleural biopsy (CNB) is the next step in investigating a
cytology-negative exudate. CNB is cheap and still used in many institutions, but it
is less sensitive than image-guided (CT or US) pleural biopsy or pleuroscopy due to
patchy pleural involvement observed in malignancy, which also tends to affect inac-
cessible sites for biopsy (costophrenic recess and diaphragm). CNB increases the
yield by 7-27% when combined with PF cytology. PF cytology and CNB increase
the diagnostic yield for mesothelioma from 32% to 50% [29, 30].

In a randomized trial, CT-guided biopsy of pleural thickening >5 mm (Fig. 13.1)
achieved 87% yield for malignancy versus 47% with Abrams needle [31]. US-guided
biopsy of pleural lesions >20 mm with 14-gauge cutting needle gave 85.5% yield
for malignancy, 100% for malignant mesothelioma, and 4% pneumothorax rate
[32]. The type of needle appeared important: for malignancy, Tru-cut needle was
superior over modified Menghini needle (95.4% vs. 85.8%) [33], and for tubercu-
lous effusions, the Abrams needle was better than Tru-cut [34].

Fig. 13.1 Pleural
nodularity due to
metastases
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In cytology-negative pleural effusion, contrast-enhanced thoracic CT is recom-
mended [29], but abnormal pleural appearances are not always seen on CT and
biopsies can be negative. In a study where histological results obtained via medical
thoracoscopy were compared against CT reported diagnoses, sensitivity for CT
report of malignancy was 68% suggesting that a significant number of patients had
malignancy despite negative CT report. Using CT alone to determine who should
undergo invasive pleural biopsies must be re-evaluated, and studies defining the
diagnostic pathway are now required [35].

Despite repeated thoracentesis, CNB, or image-guided needle biopsy, 20% of
pleural effusions remain undiagnosed [36]. The primary advantage of thoracoscopy
is to enhance our diagnostic capabilities when other minimally invasive tests fail
[37]. If a neoplasm is strongly suspected, the diagnostic sensitivity of thoracoscopic
exploration and biopsy approaches 90-100% [3, 4, 37—40]. Certain endoscopic
characteristics, such as nodules, polypoid masses, and “candle wax drops,” are
highly suggestive of malignancy (Fig. 13.2); however, early stage mesothelioma can
resemble pleural inflammation (Fig. 13.3) [3, 4, 36-38]. Additional image modali-
ties may supplement pleuroscopic evaluation. Janssen and coworkers added auto-
fluorescence to white light thoracoscopy for the evaluation of 24 patients with
exudative pleural effusions [41]. The aims were to determine if the autofluorescence
mode could differentiate early malignant lesions from nonspecific inflammation,
aid in selecting appropriate sites for biopsy, and better delineate tumor margins for
more precise staging. A color change from white/pink to red was demonstrated in
all cases of malignant pleuritis (sensitivity: 100%). These lesions were more easily
located and their margins more precisely delineated with autofluorescence thoracos-
copy. In two cases of chronic pleuritis, a color change from white/pink to orange/red
was also observed, giving a specificity of 75%. Although the authors concluded that
there was little value of autofluorescence thoracoscopy in clinical practice, since
most patients with malignant pleural effusions had extensive pleural involvement
which was easy to diagnose with white light thoracoscopy, the autofluorescence

Fig. 13.2 Talc poudrage
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Fig. 13.3 Endoscopic findings of polypoid masses and candle wax nodules

mode might be useful when early pleural malignancies are studied. Similar conclu-
sions were derived from a recent study that evaluated narrow band imaging (NBI)
incorporated into the flex-rigid videopleuroscope (prototype Olympus XLTF 160).
NBI technology uses unfiltered narrow bands in the blue (415 nm) and green
(540 nm) light wavelengths that coincide with the peak absorption of oxyhemoglo-
bin. By applying these wavelengths, NBI enhances the vascular architecture of tis-
sues. In this study, all patients had malignant involvement of the pleura, of which
nine were mesothelioma [42]. The authors did not find a difference in the diagnostic
accuracy between NBI and white light videopleuroscopy (Fig. 13.4). We have had
similar observations in 45 patients with pleural effusions of unclear etiology (unpub-
lished data). In our cohort, 32 patients had pleural metastases, 12 had pulmonary
tuberculosis, and 1 had chronic pleuritis, and all patients were followed for
12 months. Although NBI enhanced the pleural vasculature well, it was difficult to
discriminate tumor neovascularization from inflammation based on vascular pat-
terns. In patients with metastatic pleural malignancy, NBI demarcated tumor mar-
gins clearly, but there was no difference in the quality of biopsies obtained with
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Fig. 13.4 Sago nodules of
tuberculous effusion

white light versus NBI. Baas and coworkers investigated if prior administration of
5-aminolaevulinic acid (ALA) before VATS could lead to the improved detection
and staging of thoracic malignancy. In this study, patients were given 5-ALA by
mouth 3—4 hours before VATS. The pleural cavity was then examined using white
light followed by fluorescence thoracoscopy (D-light Autofluorescence System,
Karl Storz, Germany). Tissue sampling of all abnormal areas was performed, and
histological diagnoses were compared against thoracoscopic findings. The fluores-
cence mode did not provide a superior diagnostic accuracy over white light, but led
to upstaging in 4 of 15 patients with mesothelioma due to better visualization of
visceral pleural lesions that were otherwise undetectable by white light. Several
postoperative complications were reported, but the authors concluded that fluores-
cence thoracoscopy using 5-ALA was feasible with minimal side effects, and it
could have potential applications in the diagnosis and staging of mesothelioma [43].

Pleuroscopy

Pleuroscopy allows inspection of the pleural cavity, guides biopsy of abnormal
pleural lesions, and removes PF and allows pleurodesis. Pooled results of 22 studies
confirm medical thoracoscopy as the procedure with the highest accuracy (93%) for
the diagnosis of pleural malignancy [37].

Historically, rigid instruments have been used [1-7, 37, 40] that require cold
(xenon) light source, camera attached to the eyepiece of the telescope, video moni-
tor, and recorder (Fig. 13.5). The O-degree telescope is used for direct viewing,
while the oblique (30- or 50-degree) and 90-degree telescopes offer panoramic
view of the pleural cavity. A large trocar that accommodates a larger telescope with
better optics improves the quality of exploration, but compression of the intercostal



13 Undiagnosed Exudative Effusion: Thoracoscopy Vs. Pleuroscopy 249

Fig. 13.5 Rigid trocars,
telescopsses, and
accessories

nerve during manipulation can cause discomfort if thoracoscopy is performed
under local anesthesia and conscious sedation. We prefer the 7-mm trocar, direct
viewing (0 degree) 4-mm or 7-mm telescope, and the 5-mm optical forceps that
allow pleural biopsies without a second port. Tassi and coworkers reported excel-
lent views of the pleural space using 3.3-mm telescope in patients with small locu-
lated pleural effusions inaccessible to standard-sized instruments. Diagnostic yield
with 3-mm biopsy forceps was comparable with conventional 5-mm biopsy for-
ceps [40].

The flexi-rigid pleuroscope represents a major advance in the field as it allows
the procedure to be performed safely in the bronchoscopy suite under local anesthe-
sia and conscious sedation [44, 45]. The flex-rigid pleuroscope (model LTF 160,
Olympus, Japan) is fashioned like the flexible bronchoscope and can be autoclaved.
It consists of a handle and shaft measuring 7 mm in outer diameter, 22-cm proximal
rigid portion, and 5-cm flexible distal end. The flexible tip allows two-way angula-
tion and has a 2.8-mm working channel that accommodates biopsy forceps, needles,
and electrosurgical and laser accessories (Fig. 13.6). The flex-rigid pleuroscope
interfaces well with processors (CV-160, CLV-U40) and light sources (CV-240,
EVIS-100 or 140, EVIS EXERA-145 or 160) made by the same manufacturer for
flexible bronchoscopy or GI endoscopy [39]. Recent meta-analysis of 744 patients
undergoing flex-rigid pleuroscopy demonstrates 91% sensitivity and 100% specific-
ity for pleural malignancy [46].

Indications and Contraindications for Medical Thoracoscopy

The only absolute contraindication for pleuroscopy is the lack of pleural space due
to adhesions although this can be overcome by enlarging the skin incision and digi-
tally dissecting the lung away from the chest wall [47]. MT requires special skills
and should not be undertaken without training. As the procedure is performed under
conscious sedation in a spontaneously breathing patient with partial lung collapse,
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LTF 160 Pleuroscope, Autoclavable (Olympus, Japan)

Electrocautery with
Spray catheter 4 pleuroscope

Fig. 13.6 Flex-rigid pleuroscope, trocar, and accessories

these patients must not have intolerable hypoxia unrelated to pleural effusion, an
unstable cardiovascular status, bleeding diathesis, refractory cough, or allergy to the
medications used.

Patient Preparation

A detailed history and physical examination together with review of CXR, CT, and
US aid in the selection of appropriate entry site. The operator may remove 200 to
300 ml of fluid with angiocatheter, thoracentesis catheter, or Boutin pleural puncture
needle first before opening the needle to air until stable equilibrium is achieved. Air
entering the pleural cavity causes the lung to collapse away from the chest wall,
thereby creating a space for trocar insertion. Conversely, the operator may choose to
do the procedure directly with US, which has led to decrease in trocar access failures
as well as in the number of pneumothoraces induced before pleuroscopy [48, 49].
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Anesthesia

Benzodiazepines (midazolam) combined with opioids (Demerol, fentanyl, mor-
phine) provide adequate analgesia and sedation [38, 39, 44]. Meticulous care in
administering local anesthesia to the four layers (epidermis, aponeurosis, intercostal
muscles, and parietal pleura at the entry site) assures patient comfort during manip-
ulation of the thoracoscope [50]. There is a trend in recent years toward increasing
utilization of propofol to enhance patient comfort if talc poudrage is planned; how-
ever, this requires monitoring by anesthesiologists in many countries and a recent
study reported hypotension in 64% of patients who had propofol titrated according
to comfort and 9% required corrective measures [51]. In another study, more epi-
sodes of hypoxemia (27% vs. 4%) and hypotension (82% vs. 40%) were observed
in the group who received propofol compared against midazolam leading the
authors to remark that propofol should not be the first choice for sedation in medical
thoracoscopy [52]. We have successfully performed thoracoscopic talc poudrage for
pneumothoraces and malignant effusions using benzodiazepines and opioids and
anesthetizing the pleura with 250 mg of 1% lidocaine via a spray catheter prior to
talc [53]. Preoperative anesthesia should be individualized according to the patient’s
general condition and expectations; however, physicians must be aware of potential
adverse events associated with anesthetic drugs and be ready to manage them.

Technique

The patient is first placed in the lateral decubitus position with the affected side up.
The patient’s vital parameters, electrocardiogram (ECG), blood pressure, and oxy-
genation by means of pulse oximetry are monitored. The site of entry depends on
the location of effusion or pneumothorax while avoiding hazardous areas such as
the internal mammary artery, the axillary region with lateral thoracic artery, the
infraclavicular region with the subclavian artery, and the diaphragm. A single port
access located between the fourth and seventh intercostal spaces of the chest wall
and along the midaxillary line is preferred for diagnostic pleuroscopy, guided pleu-
ral biopsy, and talc poudrage. A second port might be necessary to facilitate adhe-
siolysis, drainage of complex loculated fluid collections, lung biopsy, or sampling
of pathological lesions located around the first entry site. Similarly, double port
access may be necessary to evaluate the pleural space completely when the rigid
telescope is used, especially if the posterior and mediastinal aspects of the hemitho-
rax are inaccessible due to partial collapse of the lung, or when the lung parenchyma
is adherent to the chest wall [4]. With the flex-rigid pleuroscope, a single port would
often suffice since its nimble tip allows easy maneuverability within a limited pleu-
ral space and around adhesions. A chest tube is inserted at the end of diagnostic
pleuroscopy, and the air is aspirated. The tube is removed as soon as the lung has
re-expanded, and the patient may be discharged after a brief observation in a recov-
ery area [54]. If talc pleurodesis or lung biopsy is performed, the patient is hospital-
ized for a period of monitoring and chest tube drainage [44, 45, 53].
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Thoracoscopic-Guided Biopsy of Parietal Pleura

Biopsy of the parietal pleura should be performed over a rib to avoid the neurovas-
cular bundle. The forceps first probes for the rib followed by grasping the abnormal
pleura and stripped by tearing rather than “grab and pull” motion. The specimens
are not only larger than those with Abram’s or Cope needle; importantly, they are
visually guided. Biopsies with the flexible forceps are limited by the size of forceps
which may lack the mechanical strength in obtaining pleural specimens of sufficient
depth if fibrotic pleura is encountered. This can be overcome by taking multiple
biopsies (5-10) as well as several “bites” of the same area to obtain tissue of suffi-
cient depth. Comparative studies show no difference in diagnostic yield between
biopsies using flexible and rigid forceps even in mesothelioma [55, 56]. Full-
thickness parietal pleural biopsies can be achieved using the insulated tip (IT) dia-
thermic knife during flex-rigid pleuroscopy. In one study, the reported diagnostic
yields were 85% with IT knife and 60% with flexible forceps. The IT knife was
notably useful when smooth, thickened lesions were encountered, of which nearly
half were malignant mesothelioma [57]. Cryobiopsy is another method that achieves
bigger specimens and better preserved cellular architecture and tissue integrity [58]
(Table 13.2).

Thoracoscopic Talc Poudrage

Chemical pleurodesis plays an integral role in the management of malignant effu-
sions as most recur unless the primary tumor is chemosensitive. Similarly, one of
the primary goals in secondary spontaneous pneumothorax management is recur-
rence prevention. Chemical pleurodesis can be performed via instillation of scle-
rosants through intercostal tubes or small-bore catheters, or via talc poudrage during
thoracoscopy [59]. Chemical pleurodesis via chest drain using various agents suc-
ceeds in approximately 60% of patients with the remainder requiring further inter-
vention. Thoracoscopic talc poudrage (Fig. 13.2) can be performed following fluid
aspiration and pleural biopsy at the same sitting, and pooled data from 19 studies
suggest that the efficacy of thoracoscopic talc poudrage at 1 month based on radiol-
ogy is about 85% for both benign and malignant causes of effusion [37]. Various
delivery devices are available such as a talc spray atomizer, a bulb syringe, or a
spray catheter introduced through the working channel of the flex-rigid pleuroscope.

Complications

Mortality from MT using rigid instruments ranges between 0.09 and 0.34% [37,
60]. Talc poudrage is associated with 0.69% mortality, and a major contribution (9
deaths out of 16) was from a large randomized study conducted in the USA using
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Table 13.2 Diagnostic tools for pleural disease in lung cancer
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Diagnostic tool Clinical use Notes
Pleural imaging
Ultrasound [14] Ultrasonographic features indicative of Sensitivity 73%,

malignancy include the following: Pleural
thickening >1 cm, pleural nodularity and
diaphragmatic thickening >7 mm

specificity 100%

CT-guided cutting
needle biopsy

Diagnosis of malignancy in pleural-based
lesions 5 mm or greater

Sensitivity 87%

Ultrasound-guided
cutting needle biopsy

Diagnosis of malignancy in pleural-based
lesions 20 mm or greater

Sensitivity 85.5% (100%
for mesothelioma)

Tru-cut needle

Sampling of pleural nodules/masses for
histopathology

Superior to Menghini-
type needle

Pleural diagnosis

Flexi-rigid pleuroscopy

Pleural cavity inspection. Direct sampling
of pleural nodules/masses for
histopathology

Done under local
anesthesia

Autofluorescence for
thoracoscopy

To detect and direct biopsies at abnormal
sites not visible with conventional white
light

Sensitivity 100%,
specificity 75%

Fluorescence detection
for thoracoscopy

To detect and direct biopsies at abnormal
sites not visible with conventional white

5-Aminolaevulinic acid
taken orally before

light procedure

Narrow band imaging To detect and direct biopsies at abnormal | Specificity 85.3%,

for thoracoscopy sites not visible with conventional white specificity 76.9%
light

Electrocautery biopsy Adjunct to flexi-rigid pleuroscopy forceps | Diagnostic yield 85%

[56] biopsy of smooth abnormal pleura

Cryobiopsy [57] Adjunct to flexi-rigid pleuroscopy forceps | Diagnostic yield 90%
biopsy

Pleural biomarkers* From pleural fluid

assayed

Carcinoembryonic Distinguish malignant pleural effusion Sensitivity 54%,

antigen [18] from benign causes specificity 94%

Carcinoembryonic
antigen with Cyfra 21-1
[19]

Distinguish lung adenocarcinoma-
associated malignant pleural effusion from
benign causes

Sensitivity 97.6%,
specificity 91.4%

Telomerase with Cyfra
21-1[20]

Distinguish lung cancer-associated
malignant pleural effusion from benign
causes

Sensitivity 90%,
specificity 76%

Carcinoembryonic
antigen and BIRCS
mRNA [21]

Distinguish malignant pleural effusion
from benign causes

Sensitivity 86.4%

Soluble mesothelin-
related peptide (serum)
[23-25]

Diagnosis of mesothelioma

Sensitivity 53-60%,
specificity 82-89%

Vascular endothelial
growth factor and
endostatin [26]

Distinguish malignant pleural effusion
from tuberculous pleurisy

Sensitivity 81%,
specificity 97%
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nongraded talc [61]. Major complications (prolonged air leak, hemorrhage, empy-
ema, pneumonia, and port site tumor growth) occurred in 1.8%, while minor com-
plications (subcutaneous emphysema, wound infection, fever, hypotension, and
cardiac arrhythmias during the procedure) occurred in 7.3% [62].

The most serious complication of pneumothorax induction is air embolism
which occurs in <0.1 percent [60]. During MT, liters of fluid can be removed with
little risk of re-expansion pulmonary edema due to immediate equilibration of pres-
sures provided by entry of air through the trocar into the pleural space. Fever may
occur after talc poudrage which resolves within 48 hours, while a bronchopleural
fistula may develop following thoracoscopic lung biopsy requiring chest drain and
suction for longer than 3-5 days especially if biopsy is performed for interstitial
lung disease. Wound infection, pneumonia, and empyema can develop from long-
term drainage. In cases of mesothelioma, prophylactic radiotherapy should be car-
ried out within 2 weeks of medical thoracoscopy to prevent tumor growth at incision
sites [63].

Complications with the flex-rigid pleuroscope are rare. In fact, it has been shown
to be very safe when performed by trained pulmonologists. We previously reported
our safety and outcome results in 51 patients with indeterminate pleural effusions
who underwent flex-rigid pleuroscopy. No morbidity or mortality was observed
[44]. In a recent meta-analysis of 755 patients with indeterminate pleural effusions,
no mortality was reported [46]. However, studies of complication rates involve pro-
cedures performed by specialists and may not reflect circumstances with less expe-
rienced physicians. The need for training cannot be overemphasized. Table 13.3
describes the type of patient suitable for rigid or flex-rigid pleuroscopy.

Table 13.3 Indications for rigid or semi-rigid pleuroscopy

Clinical scenario Type of procedure

Diagnostic thoracoscopy for Flex-rigid pleuroscopy® or use of rigid telescopes
indeterminate, uncomplicated pleural under local anesthesia

effusion where suspicion of
mesothelioma is not high

Trapped lung with radiographically Rigid optical biopsy forceps® or flex-rigid pleuroscopy
thickened pleura with flexible forceps performing multiple bites over
the same area to obtain specimens of sufficient depth
or use of flexible forceps and IT knife

Mesothelioma is suspected Rigid optical biopsy forceps® or flex-rigid pleuroscopy
with IT knife, cryoprobe

Pleuropulmonary adhesions Fibrous: Rigid optical biopsy forceps® or flex-rigid
pleuroscopy with electrocautery accessories
Thin, fibrinous: Flex-rigid pleuroscopy with flexible

forceps
Empyema, split pleural sign, loculated | Rigid instruments (VATS)* or conversion to
pleural effusion thoracotomy for decortication
Pneumothorax with bulla or blebs Rigid instruments (VATS)* for staple bullectomy

*denotes procedure preferred
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Conclusion

Pleuroscopy or thoracoscopy is effective when routine PF cytology fails. In institu-
tions where pleuroscopy/thoracoscopy is available, it replaces second-attempt tho-
racentesis and CNB. It also offers the non-surgeon to intervene therapeutically and
to break down loculations in early empyemas and talc pleurodesis for recurrent
malignant effusion and pneumothorax [64]. The flex-rigid pleuroscope is a signifi-
cant invention likely to replace traditional biopsy methods in the future.
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Chapter 14
Pneumothorax: Large-Bore Tubes Vs.
Pigtail Catheter

Robert F. Browning Jr, Philip Mullenix, Matthew Middendorf, Sean McKay,
and J. Francis Turner, Jr.

Background

Pneumothorax as a condition was first recognized by fifteenth-century surgeon
Sabuncuoglu. He described “mihceme” or cupping therapy as a treatment technique
in which an incision in the chest wall was covered with a glass and a candle was
then introduced to create a vacuum for aspiration [1]. The term was officially coined
by Jean Marc Itard in 1803 and later described by Rene Laennec in 1819 as “an
effusion of gaseous fluid into the cavity of the pleura.” Although known for many
centuries, the treatment of pneumothorax was not standardized until World War II
[2]. Traditionally, large-bore chest tube with surgical insertion has been the standard
for pneumothorax meeting the threshold for intervention especially in the emer-
gency room or trauma setting. Over the past several decades, there has been a shift
toward more minimally invasive approaches to the treatment of pneumothorax to
include percutaneous and Seldinger insertion of smaller tubes with curved (pigtail)
ends (as shown in Figs. 14.1 and 14.2) which are often more comfortable for the
patient and easier to place for physicians used to these techniques [3]. Despite this
shift in practice and evidence for smaller treatment tubes, the variance in the
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spectrum of tube selection for pneumothorax still exists for several important rea-
sons that we will review in this chapter [4].

Pathophysiology

In normal subjects, the pressure within the pleural space is negative throughout the
respiratory cycle during quiet respiration and is generated by both the inward elastic
recoil of the lungs and the inherent outward elastic force of the chest wall. The pleu-
ral pressure is negative in comparison to atmospheric pressure, and when a com-
munication develops between an intrapulmonary airspace (e.g., alveolus) or chest
wall and the pleural space (e.g., penetrating trauma), air will flow down its pressure
gradient and into the pleural space until the pressure equalizes or the communica-
tion is sealed. As the pleural space begins to fill with air and the pressure rises, it can
cause a shift of the mediastinum to the contralateral side, an enlarged hemithorax,
and a depressed hemidiaphragm [5]. A feared complication of pneumothorax is ten-
sion pneumothorax and should be suspected in a patient who develops sudden car-
diopulmonary deterioration in the setting of a known pneumothorax, or a condition
known to predispose to pneumothorax. Tension physiology is created when more air
enters the pleural space during inspiration than exits during expiration causing intra-
pleural pressure to exceed atmospheric pressure. This scenario is usually created
under positive-pressure ventilation or in the spontaneously breathing patient if a
one-way valve exists [6]. Although this scenario begins as a primary lung and respi-
ratory event, physiologically this pneumothorax creates a primarily cardiovascular
stress. With decreased venous return to the heart due to the pressure from pneumo-
thorax, there is decreased RV filling resulting in decreased RV output and LV filling
(plus bowing of the septum) resulting in a loss of preload/low cardiac output in a
positive feedback loop (vicious cycle) that begets more hypotension and less car-
diac output. Cardiovascular collapse ensues unless the pneumothorax is decom-
pressed (Figs. 14.1 and 14.2).

Etiology

Pneumothorax can further be subdivided into spontaneous (primary and second-
ary) and traumatic (iatrogenic and non-iatrogenic) causes. Primary spontaneous
pneumothorax (PSP) has an incidence of 18-28/100,000 cases per annum for
men and 1.2-6/100,000 for women. It occurs in patients without apparent lung
disease; however, subpleural bullae are found in >90% of patients on imaging or
VATS [7]. Smoking may cause small airway inflammation and early emphysema-
like changes and has been associated with a 12% risk of developing pneumotho-
rax in healthy male smokers versus 0.1% in nonsmokers [8]. PSP is more common
in taller, thin males and is thought to be secondary to the increased negative
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pleural pressure gradient and distending forces at the lung apex which predispose
to bullae formation [7]. Recurrence rates are as high as 39% for PSP and typi-
cally recur within the first month to year. After the first recurrence, the lifetime
risk of another recurrence exceeds 50% if no preventive measures are taken [9].

Fig. 14.1 Chest x-ray
showing large right sided
pneumothorax post CT
guided transthoracic needle
biopsy of a lung nodule

Fig. 14.2 Chest x-ray
showing 10 Fr pigtail
catheter placed in the
anterior apical chest with
near complete resolution of
iatrogenic pneumothorax
shown in the above figure
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MANAGEMENT OF PRIMARY SPONTANEOUS PNEUMOTHORAX

15t episode small and
asymptomatic

!

Observe in ED for 3-6
hours, repeat CXR

1st episode large
(>2 cm lateral or 3 cmm apex-cupula)
or
any symptomatic primary
spontaneous pneumothrox

P,
0r
OS¢
on

Considerations
Age
Symptoms

If no progression, follow-
up with repeat CXR in
12-48 hours.

General Thoracic Surgery consulation & small bore (<14Fr)
chest drain or placement of a 16F-22F chest tube (consider

this if unstable)

Place to water seal — no suction unless lung fails to reexpand.

In that case place to -20 suction

Hemodynamic & respiratory
stability
Duration
Past medical history
Size
Small <3 cm or <20%
Large <3 cm or <20%

!

athlete, operator)

Admit & repeat portable CXR at 24h

:

Incomplete expansion and/or air
leak

l

Daily follow-up & portable CXR

Y

Air leak >4 days

'

Thoracic Surgery consultation
(talc pleurodesis/VATS)

Surgical Indications
Persistent air leak 5 days

2" or more episode spontaneous
pneumothorax (either side)
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Complete expansion & no air leak
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Water seal x 24h & portable CXR
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Complete expansion & no air leak

Y

Remove drain & portable CXR at 4h

!

Success
(complete expasion)
Discharge
2 week follow-up with PA+LAT CXR

Fig. 14.3 Institutional algorithm for management of primary spontaneous pneumothorax

In general thoracic practice, video-assisted thoracoscopic surgery (VATS) is per-
formed for any second episode or 5-day failure of the initial tube. The algorithm
shown below (Fig. 14.3) highlights our institutional practice [10, 11]. In certain
high-risk occupations such as pilots and divers, the first episode may be treated

surgically as well.

Proximity to emergency services
Occupation or hobby (pilot, diver,
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Secondary spontaneous pneumothorax (SSP) has an incidence of 16.7/100,000
for men and 5.8/100,000 for women and is associated with underlying lung disease
like COPD, cystic and interstitial lung diseases, connective tissue disease, cancers,
and thoracic endometriosis in women [12]. In the eighteenth century, pulmonary
tuberculosis was the most common cause of SSP in the developed world; however,
currently, necrotizing bacterial pneumonias, Pneumocystis jirovecii pneumonia, as
well as viral and fungal pneumonias are more common causes of SSP. SSP is more
serious due to underlying lung disease and low pulmonary reserve and can be more
difficult to manage. Recurrence rates for SSP are as high as 45% even if measures
are taken to prevent recurrence. [10]

Traumatic pneumothorax can result from either penetrating or non-penetrating
chest trauma in which air enters the pleural space directly through the chest wall or
the visceral pleura through the tracheobronchial tree. Non-iatrogenic causes can
include penetrating trauma (stab, gunshot wounds, etc.), blunt trauma such as rib
fracture, or pulmonary barotraumas as seen in air travel and scuba diving. At alti-
tude, air trapped in pleural blebs is exposed to lower atmospheric pressure and may
expand causing rupture. Divers breathe compressed air at depth that re-expands on
ascent and may cause barotrauma [13]. Transthoracic needle aspiration is the most
common iatrogenic cause with an incidence of 25% and increases if the patient has
COPD [14]. Other less common causes are mechanical ventilation, central venous
cannulation, thoracentesis, and transbronchial lung biopsies. [14]

Pneumothorax Size and Intervention Considerations

CT scanning is considered the gold standard in the detection and size determination
of pneumothorax and is helpful in identifying underlying causes for pneumothorax
like bullae or emphysema. The 2010 British Thoracic Society guidelines use a cut-
off of >2 cm between the lung margin and the inner chest wall at the level of the
hilum in distinguishing between small and large pneumothoraces [7]. A 2 cm radio-
graphic pneumothorax equates to an approximately 50% pneumothorax by lung
volume and is used as the cutoff for intervention in a symptomatic patient. Two cm
is a compromise between reducing the risk of needle trauma for intervention on a
smaller pneumothorax and the significant length of time it may take for a larger
pneumothorax to spontaneously resolve [15]. However, size of the pneumothorax is
less important than symptoms and clinical status when determining an intervention.
Patients with preexisting lung disease tolerate pneumothorax less well, and an effort
should be made to evaluate for suspected primary spontaneous pneumothorax (PSP)
versus secondary spontaneous pneumothorax (SSP) as this will influence manage-
ment. Patients with small PSP without breathlessness and select asymptomatic
patients with large PSP may be managed by observation alone. All patients with
SSP should be admitted to the hospital for observation and most will need a small-
bore chest drain. Regardless of the classification, any patient with significant breath-
lessness, bilateral pneumothoraces, or hemodynamic instability should undergo an
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intervention. Needle aspiration has shown similar initial success rates to large-bore
chest drains in PSP (7); however, from a practical and inhospital management per-
spective, we generally employ small-bore chest drains in the management of pneu-
mothorax if an intervention is warranted. All admitted patients should receive
high-flow oxygen to correct hypoxia and aid in the resolution of pneumothorax [16].
In many trauma centers and within the military, traumatic pneumothoraces gener-
ally are treated with larger bore chest tube (concomitant injuries, possible need for
air evacuation, possible development of hemothorax, presence of rib injuries, con-
trol of pleural space) because the patient may be on a ventilator for head injury, or
about to go under general anesthesia for exploratory laparotomy or other surgeries.
Smaller tubes have a risk of clogging with clot or debris and are often not trusted to
maintain patency throughout the emergent surgeries. In the military and trauma set-
ting, it is standard to place larger chest tubes even if the patient has no “symptoms.”
In our institutional practice, traumatic pneumothoraces that are small enough that
they can only be visualized by CT scan only do not necessarily get chest tubes unless
there is some other indication to place one (i.e., hemothorax, pleural effusion, etc.).
In a combat environment, the chest tube in trauma threshold is even lower. Physical
examination is relatively insensitive for the detection of a small pneumothorax gen-
erally, and nearly impossible in that noisy setting. Chest radiography in a trauma
setting may similarly miss a small pneumothorax (and is not universally available).
Even a small/clinically occult pneumothorax may become clinically significant dur-
ing the medical evacuation flight. A chest tube is often placed for any patient pend-
ing air evacuation if there is a clinical suspicion that a pneumothorax may be present.
If injury mechanism and/or physical examination suggests the possibility of a pneu-
mothorax, a chest tube is generally placed because the potential negative conse-
quences of symptomatic or tension pneumothorax during transport are significant.

Options for Pneumothorax Intervention Tube Selection

Medical chest tube catheter sizes are measured by French gauge (Fr). The measure-
ment describes the outer diameter of the catheter. One Fr is equal to 1/3 mm, so a 3
Fr catheter has an outer circumference of 1 mm [17]. The typical options for chest
tube size ranges from 6 Fr to 40 Fr size catheters. The definition of small versus
large-bore chest tubes varies among studies, but generally accepted classification
would include sizes 8 Fr—14 Fr as small bore and 28 Fr to 40 Fr as large bore with
16 Fr to 20 Fr considered small or large depending on the study [18].

In addition to tube size, the other major selection option is the choice between a
straight tube and a “pigtail” or curved distal tip catheter (Fig. 14.4). The straight
chest tubes tend to be the larger bore chest tubes (although not necessarily). These
tubes are usually stiffer often due to their larger gauge. The curved pigtail catheters
are straight when inserted with some type of inner stylet/trocar or cannula that
allows for direction and easy insertion through the chest wall and then when in the
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Fig. 14.4 Large bore 28
Fr straight chest tube (left)
and small bore 10 Fr
locking pigtail catheter
(right)

pleural space can be removed to regain the soft curved distal tip. This curve at the
end can be “locked” or “unlocked.” A locking catheter has an inner string attached
to the distal tip that when pulled taught will secure the distal ring closed to keep the
circular “pigtail” shape of the distal tip and prevent inadvertent migration out of the
pleural space [19] (Fig. 14.5). Practically, the largest pigtail catheter is a 14 Fr cath-
eter, so all pigtail chest tubes are small-bore tubes.
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Fig. 14.5 Pleuroscopic
image of 10 Fr locking
pigtail catheter withdrawn
to the chest wall. Note all
fenestrations remain within
the chest cavity and are
prevented from migration
outside the pleural space
due to the ring formed by
the pigtail and locked with
the inner string

Insertion of the larger bore straight tube is most commonly performed using a
surgical approach with scalpel and dissection through the chest wall. There are
some commercially available straight tubes that can be inserted through a percuta-
neous approach and Seldinger technique with serial dilations to insert the tube, but
the larger sizes require significant dilations, so more often these are only used with
smaller bore straight tubes. The pigtail catheters are usually inserted using a guide-
wire or trocar. If a guidewire is used, dilators may be used in conjunction if the 10
Fr to 14 Fr catheters are placed.

The evidence for selecting the tube size for treatment of pneumothorax is lim-
ited. Extrapolation from similar literature with pleural effusions is reasonable as any
pleural fluid will have a higher viscosity than the gas found in a pneumothorax. A
2018 meta-analysis of large (>14 Fr)-bore versus small (< or equal to 14 Fr)-bore
chest tubes in treatment of malignant pleural effusion showed no difference in effi-
cacy of pleurodesis and no difference in complications [20]. There is some evidence
available specific to pneumothorax. Meta-analysis of large-bore chest tube versus
small-bore pigtail catheters for treatment of pneumothorax by Chang and colleagues
[2] published in 2018 found only two randomized controlled trials with a total of 62
patients enrolled with all other studies listed as retrospective cohorts. Conclusions
of this meta-analysis found drainage duration and hospital stay were reduced with
the pigtail catheter use, and in secondary pneumothorax, the complication rate was
lower [2]. One of the studies supporting the efficacy of small-bore versus large-bore
chest tubes was published in 2012 and showed in a cohort of 238 patients with pneu-
mothorax no difference in efficacy of small vs. large chest tubes although in this
study small size was defined as a straight 28—32 Fr versus large size as 36—40 Fr and
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was performed in a trauma setting. [21] More recently in 2020, a randomized con-
trolled trial by Baumen et al. with 43 patients comparing 14 Fr pigtail catheter to
28-32 Fr chest tube in trauma patients with hemothorax and hemopneumothorax,
the smaller pigtail catheters were found to be equally effective as the larger chest
tubes demonstrating no clinical significance of the larger inner tube diameter even
with fluid as viscous as blood is limited [22]. Despite common practice to place the
tip of the tube or catheter in an apical anterior location, limited evidence that we
have does not support this. In a 2017 paper from Riber et al., the retrospective
review of 134 identified primary spontaneous pneumothorax cases treated with

Fig. 14.6 Chest x-ray
showing large right sided
hydropneumothorax

Fig. 14.7 Chest x-ray
showing near complete
resolution of
hydropneumothorax with a
basilar placed 12 Fr pigtail
catheter
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either a pigtail catheter (12—16 Fr) or a surgical chest tube (21-24 Fr) showed no
difference in the location of the tube apical versus basal tip placement but did show
a longer length of stay and increased patient discomfort in the surgical chest tube
cohort [23]. In some cases, insertion in the basal chest is more easily performed
when inserting into the fluid portion of a hydropneumothorax and is still effective in
treating both the effusion (Figs. 14.6 and 14.7).

Decreased pain with smaller chest tube size is intuitive in theory, but the TIME1
study which is the largest study to date specifically compares pain control in 12 Fr
versus 14 Fr chest tubes in malignant pleural effusions, and pain was statistically
less in the 12 Fr group, but the difference did not meet the clinically significant level
[24]. This study was in patients with malignant disease attempting to achieve
pleurodesis which may confound the pain assessments though.

Understanding the etiology and extent of the air leak in a patient with pneumo-
thorax can help guide the selection. If we use the analogy of a sink and drain with
the pleural space being the sink and the drain being the tube you select to place into
the space, it is simply understood that if the rate of air leak (faucet pouring into the
sink) exceeds the capability of the tube to drain the contents, the sink will overflow.
In the case of the closed pleural space, tension physiology will occur. Therefore, we
must understand the degree and etiology of the air leak to choose the tube size and
type appropriately. For a large air leak either from a large defect or from increased
airflow from positive-pressure ventilation and possibly significant subcutaneous
emphysema, a larger tube or additional tubes will be needed to keep up with the rate
of accumulation in the chest (Figs. 14.8 and 14.9).

Additional considerations for a larger chest tube include the presence of a fluid
or other debris in the pleural space that might occlude or limit the flow through the
selected tube. Clot, tumor, and fibrinous debris can all partially or completely clog
a tube and allow the rate of pneumothorax accumulation to outpace the rate of gas
removal and tip the scales toward tension physiology and/or lung collapse. For this

Fig. 14.8 Chest x-ray
showing extensive
subcutaneous emphysema
in a ventilated patient with
a right pneumothorax and
an apically placed right
sided 14 Fr pigtail catheter
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Fig. 14.9 Chest x-ray
showing a second right
sided 14 Fr pigtail catheter
in the same patient shown
in Fig. 14.8 with reduced
subcutaneous emphysema
and improved right sided
lung volume

reason, a large-bore tube may better at confident evacuation of the space. So large-
bore tube just to be safe is one approach, but the limited data does not support this,
and practically speaking, a large tube can be more painful for the patient at insertion
and while it is in place (20). For complicated pleural spaces with adhesions and
loculations, the lung may be injured during insertion, and if not needed, smaller
tubes are more comfortable for the patient and can work just as well. While comfort
is increased with a small-bore chest tube or pigtail catheter, the smaller flexible tub-
ing is more likely to experience kinking which will obstruct airflow and fluid drain-
age from the pleural space [20]. Clogging with fibrinous debris in the lumen of a
small-bore chest tube may be managed with periodic flushing with sterile saline
(every 6—12 hours) or with some thrombolytic dosing [25].

The traditional straight large-bore chest tube does have advantages. Due to the
larger size, it has more rigidity and stiffness than a smaller tube especially the pig-
tail design. This can be helpful in directing the tube after insertion to a more apical
and anterior position (usually the most common place for pneumothorax to accumu-
late in the chest in a patient that is upright or supine). This advantage is not always
reliable though as it is often placed or migrates into the fissure or posteriorly. This
migration may be true of any tube in the lung that is not fixed in a loculated space.
This is why using the locked pigtail and inserting at a very apical and anterior posi-
tion on the chest can allow the tube to be pulled back if it migrates to a low or pos-
terior position without the risk of exposing the fenestrations outside the chest wall.
In patients with pneumothorax and large air leak (i.e., on mechanical ventilation or
a large bronchopleural fistula), multiple tubes or larger tubes may be required to
evacuate pneumothorax [26]. For very rapidly reaccumulating pneumothoraces,
multiple large-bore chest tubes may be required to prevent tension physiology. As
noted above in combat and trauma, the added confidence in patency of a large-bore
chest tube is often preferred. From the thoracic surgical perspective, large-bore
chest tubes are the standard post-surgery to control the fluid, perhaps a lot of air, and
because it is durable and will not kink (Fig. 14.10).
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Fig. 14.10 Chest x-ray
showing standard
institutional post op chest
tube management with a
28 Fr straight chest tube
extending from the basilar
lateral chest to the apex to
remove air from the pleural
space and a lower 24 Fr
fluted flexible Blakemore
drain placed on the
diaphragm to remove
residual fluid

L Y

This provides confidence for control of space during postop rehabilitation.
Besides these limited scenarios, both the evidence, guidelines, and changing prac-
tice patterns favor small-bore or pigtail catheter over the large-bore chest tubes.
Even in complicated fluid/air collections like empyema or hydropenumo—/pyo-
pneumothorax, the small-bore image-guided tubes (even if it is multiple pigtails for
multiple collections) are preferred.

In practice, pneumothorax tube selection can be simplified using the guiding
principles of choosing the smallest tube size with greatest patient comfort that has a
reasonable likelihood of success in treating pneumothorax in the face of any com-
plicating factors including etiology, combined effusion, hemothorax, trauma,
positive-pressure ventilation, etc. In some cases, success will not be full re-expan-
sion of the lung especially when there is abnormal lung parenchyma and/or pleura.
A stable or loculated pneumothorax may be the best obtainable outcome in some
patients, but ideally full pleural apposition for as much of the lung surface area as
possible is the goal of any interventions.
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Chapter 15
Pleurodesis: From Thoracic Surgery
to Interventional Pulmonology

Maher Tabba and Kazuhiro Yasufuku

History

The concept of creating an attachment of the pleural layer to the chest wall after
open thoracic surgery or acute chest trauma which is complicated by pneumothorax
evolved after observing acute cardiopulmonary decompensation and increased mor-
tality in animal experiments and patients. Several physicians contributed to the
extensive work, mostly done in the 1800s, to understand the pathophysiology of this
phenomenon. Quenu and Longuet are French physicians who presented a summary
of all the works done in this area throughout the nineteenth century and adopted
several methods to prevent this complication: (1) provoke adhesions by the applica-
tion of irritants, (2) adhesions obtained by acupuncture or by trocars allowed to
remain in situ, and (3) adhesions or, secondarily, after the pleura has been opened in
order to anchor the lung to the chest wall obtained by suturing the pleural surfaces
as a preliminary to operations. Multiple agents were utilized for this purpose such
as aseptic foreign bodies in the pleura, ignipuncture with the thermo-cautery, elec-
trolysis, and harpooning and transfixing the pleura and lung subcutaneously [2].
These procedures did not lead to a good outcome. Samuel Robinson (1914), an
American thoracic surgeon, introduced pleurodesis as an important first step in a
two-stage lobectomy for patients with bronchiectasis in the early twentieth century
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to avoid pneumothorax after resecting the diseased lobe. The technique was modi-
fied by a Canadian surgeon, Norman Bethune (1935), who described the use of
“pleural poudrage” with iodized talc for an improved outcome [3]. Significant
changes took place post World War II with more attention devoted to patients with
tuberculosis and the emergence of antibiotics [4].

The first actual pleurodesis was first performed more than 100 years ago by
Lucius Spengler in 1901, when he described the use of the hypertonic solution of
glucose with an unsuccessful result. In 1906, he described the use of 0.5% solution
of silver nitrate in treating spontaneous pneumothorax [5—7]. Over time, the devel-
opment of this procedure focused on finding the proper agent and achieved a higher
success rate of pleurodesis. In 1939, two groups, Chandler at London Chest Hospital
and Hennell and Steinberg at Mount Sinai Hospital in New York, described the use
of oil of gomenol in olive oil in pleurodesis and reported good results [8—10].
Mechanical abrasion was first performed in 1941 by an American surgeon, Edward
Delos Churchill [11]. Cer Movitt and others (1947) reviewed the value of several
elements in pleurodesis, including blood, guaiacol, iodoform, and lipiodol, but none
of them gave satisfactory results [12]. Brock (1948) described a series of patients
with pneumothorax who underwent pleurodesis by using silver nitrate solution [13].

In the past century, multiple agents have been used in pleurodesis including talc,
antibiotics, chemotherapy agents, radioactive materials, auto blood, cytokines, and
bacteria and its products [14].

Indications

The two major indications for pleurodesis are recurrent and symptomatic pleural
effusion (malignant or benign) and recurrent pneumothorax. The objective of the
former is to alleviate the respiratory symptom (dyspnea), and the objective of the
latter is to prevent the condition from relapsing.

Techniques

Pleurodesis can be achieved by many methods:

1. Video-Assisted Thoracoscopy (VAT): refers to a thoracic procedure performed in
the operating room, under general anesthesia, and required single lung ventila-
tion. Multiple instruments are needed for this procedure (Fig. 15.1). Three chest
wall entry points are necessary to access the thoracic cavity. A VAT procedure
helps in achieving a full diagnostic evaluation of the pleural cavity, obtaining
parietal, visceral, or lung parenchymal biopsy, performing chemical or mechani-
cal pleurodesis, and carrying out decortication and resection (wedge, lobectomy,
or pneumonectomy) [15-17].
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Fig. 15.1 Equipment
necessary for surgical
thoracotomy and video-
assisted thoracoscopy

Fig. 15.2 Medical
thoracoscopy (MT) is
performed in endoscopy
suite

2. Medical Pleuroscopy or Thoracoscopy (MT): refers to a thoracoscopic proce-
dure performed in the endoscopy suite or operating room. The procedure is rou-
tinely done under conscious sedation with local anesthetics (Fig. 15.2). Intubation
is not required except in special circumstances related to the patient’s condition.
The equipment is usually simple and consists of rigid or semi-rigid pleuroscope,
trocar, pleural biopsy forceps, and suction catheter. The procedure helps in per-
forming diagnostic evaluation of the pleural cavity, especially in patients with
exudative pleural effusion of unknown etiology, obtaining parietal pleural biopsy,
accomplishing localized or complete pleurodesis, and guiding the placement of
the indwelling pleural catheter or chest tube.

3. Indwelling Pleural Catheter: refers to a placement of 15.5 Fr and 66 cm long
silicone rubber catheter with fenestrations along the proximal 24 cm. The distal
end is provided with a valve to prevent the fluid or air from passing in either
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Fig. 15.3 Indwelling pleural catheter with vacuum bottle draining system

direction through the catheter, unless the catheter is attached to a comparable
drainage line. The catheter is placed subcutaneously with the proximal end
inserted inside the pleural cavity and the distal end kept externally, coiled and
covered with a layer of gauze (Fig. 15.3). The pleural fluid is drained by inserting
the access tip of the drainage line into the valve of the catheter, and then draining
the fluid via an external tube into vacuum bottles. It received FDA approval in
1997 for recurrent and symptomatic malignant pleural effusion. It can be placed
under conscious sedation and/or just local anesthesia.

4. Chest Tube Slurry: refers to administrating the sclerosing agent through the chest
tube after optimizing the pleural fluid drainage (Fig. 15.4).

Pleurodesis Agents

An ideal sclerosing agent should have multiple important features including high
molecular weight, steep dose-response curve, and few side effects [18]. There are
multiple agents that have been used for pleurodesis for over ten decades, including
biological irritants (autologic blood, dry killed Corynebacterium parvum, and
OK-432) [19-22], chemical irritants such as cytostatic agents (bleomycin, mitoxan-
trone, nitrogen mustard, mitomycin C, and doxorubicin) [23-29], antiseptics (silver
nitrate and iodopovidone) [30, 31], antibiotics (tetracycline and its derivative) [32—
35], quinacrine [36], transforming growth factor-p (TGF-f) [37], radioactive col-
loidal gold [38], hypertonic glucose [39], essential oils, mineral (talc) [40, 41],
thermal irritant (Nd-YAG laser or electrocautery) [42], mechanical (rough gauze)
[43], or by placing a special draining indwelling tunneled catheter [44].

The choice of a sclerosing agent will be determined by the efficacy or success rate
of the agent, accessibility, safety, ease of administration, number of administrations
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Fig. 15.4 Talc slurry pleurodesis is performed after inserting the chest tube and injecting the talc
directly to the pleural cavity

to achieve complete and adequate anticipated response, and cost. Despite the evalu-
ation of a wide variety of agents over a century, there is still no ideal sclerosing
agent that exists to date.

Types of Pleurodesis Outcome

Defining the degree of successful pleurodesis varies in the literature. Multiple crite-
ria were used to define this success including the degree of the clinical improve-
ment, the amount of radiographic resolution of the pleural fluid, and the need for
repeated thoracentesis within a variable period of time. In general, the success of a
pleurodesis outcome has been categorized into three levels: (1) Complete, when the
symptoms associated with the effusion and the radiographic signs of pleural effu-
sion are resolved on the long term without recurrence; (2) Partial, when there is
significant improvement in the symptoms without complete resolution accompa-
nied by more than 50% decrease in the amount of the pleural fluid radiographically;
and (3) Failure, when there is neither clinical improvement nor radiographic
changes in the amount of pleural effusion [45].

In general, a successful pleurodesis should not be measured only by the resolv-
ing amount of pleural fluid but by no further effusion-related drainage procedure
[46], symptomatic relief of dyspnea, improving the quality of life, and minimizing
hospital admissions [47].



278 M. Tabba and K. Yasufuku
Mechanisms of Pleurodesis

Multiple mechanisms are involved in the pleurodesis process including stimulation
of inflammatory reaction on the level of cytokines, disturbing the balance in the
intrapleural coagulation cascade on the one hand and the fibrinogenesis and fibrino-
lysis on the other hand, and impeding intrapleural angiogenesis and angiostasis
pathways [48].

The sclerosing agent typically stimulates the mesothelial cells to release a variety
of mediators that stimulate multiple inflammatory pathways. These are interleukin-
8 (IL-8), monocyte chemoattractant protein-1 (MCP-1), growth factors, vascular
endothelial growth factor (VEGF), platelet-derived growth factor (PDGF), basic
fibroblast growth factor (bFGF), transforming growth factor-p (TGF-p), and others
[49, 50].

There is constant balance between the fibrinogenesis and fibrinolysis process in
the pleura due to the continuous mesothelial cell substance release of tissue plas-
minogen activator (tPA) (anticoagulant factor) and plasminogen activator inhibitor-
1 (PAI-1) (anticoagulant factors). Damaging the mesothelial cell will lead to the
disruption of this balance and generates fibrosis [51]. Pleurodesis also favors prolif-
eration of fibroblasts, collagen, and extracellular matrix component [52]. Finally,
there is evidence that the vascular regulatory pathways are disrupted by the pleurode-
sis [53, 54].

In summary, all sclerosing agents lead to unspecific organizing fibrotic pleuritis
which leads to.

pleural fibrosis and contributes to the pleurodesis.

Talc

Talc has been used in pleurodesis for over eight decades and considered the most
used agent for that purpose (Fig. 15.5). It showed to be the most effective sclerosant
available with success that can reach up to 70-100% and is associated with less
pleural effusion recurrence [55]. It is also more effective than pleurectomy or
mechanical pleural abrasion [56].

During preparation for medical use, the talc should be “graded” (processed into
powder) and “calibrated” (filtered to remove small particles). Historically, talc was
started to be purified after 1970 to remove asbestos particles. The mean particle size
used in the United States is 10.8 pm, as compared to >30 pm in France and Taiwan
[57]. Developing systemic inflammatory response (SIR) following intrapleural talc
administration is a known side effect of talc pleurodesis. It may rarely progress to
acute respiratory distress syndrome (ARDS). This response is typically related to
using smaller particle size and higher talc dose during pleurodesis. The incidence of
this side effect ranged from O to 15% of the patients undergoing talc pleurodesis
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Fig. 15.5 Left: pleural carcinomatosis; Right: after talc pleurodesis

[58-60]. The most acceptable mechanism is the change in alveolar-capillary mem-
brane permeability, dissemination of talc particles, and fast lymphatic absorption
[61, 62]. Talc particles were found in the lung and almost all organs of affected
patients [63, 64]. In one large study including patients with MPE, using large par-
ticle talc (MPS 24.5 pm) led to high level of efficacy and safety with zero incidence
of ARDS [65].

The dose of the talc that appears to provide effective pleurodesis with low risk of
ARDS is generally agreed among experts to be not more than 5 grams, instilled
unilaterally, in a 70 kg adult, and in agreement with the American Thoracic Society
2000 consensus recommendations [66].

Talc can be delivered directly to the pleural cavity during thoracoscopy (Fig. 15.6)
and can also be administrated through chest tube (slurry pleurodesis) or through the
IPC (Figs. 15.2 and 15.7). The latter may achieve symptomatic improvement in
90% and pleurodesis in 42—60% of the patients [67] [68]. A randomized study in
patients with malignant pleural effusion showed a higher rate of successful pleurode-
sis in patients with IPC who received outpatient talc instillation 2 weeks later com-
pared to placebo instillation [69].
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Fig. 15.6 Talc delivery
system

Fig. 15.7 Talc pleurodesis
followed by indwelling
pleural catheter placement
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Finally, despite the fact that there are suggestions in the literature to link talc with
female genital malignancies, there is no clear correlation to connect intrapleural talc
instillation to mesothelioma, or any intra- or extrathoracic malignancy [70].

Indications for Pleurodesis

A-Malignant Pleural Effusion
Introduction

Malignant pleural effusion (MPE) is the most common indication to perform
pleurodesis. Approximately >40,000 in the UK [71], >150,000 in the USA, and
more than one million worldwide [72] patients have been affected annually. About
15% of patients with malignancy will initially present with MPE and 46% will
develop MPE during the disease process [73]. Malignancy of the lung, breast, and
lymphoma consists of 75% of the total MPEs [74]. The incidence of MPE in lung
cancer patients varies from 7 to 23% [75]. Paramalignant pleural effusion might
also occur in patients with malignancy but without pleural involvement confirmed
with negative cytology or nondiagnostic thoracoscopy for cancer. It results from the
pleural lymphatic obstruction from the mediastinal lymphadenopathy, lung atelec-
tasis or collapse from endobronchial obstruction, trapped lung, pulmonary embo-
lism, hypoalbuminemia, congestive heart failure, pericardial effusion, ascites, and
others [76]. Almost half of the pleural effusions resulting from cancer are parama-
lignant effusion with lung and breast cancers as the leading etiologies [77].
Developing MPE reduced the life expectancy significantly in cancer patients and
represents advanced disease stage [78]. The median survival time ranged between 3
and 12 months and it depends on the type of cancer. The shortest is lung cancer at
about 3—4 months, breast cancer and cancer of unknown primary is intermediate
with about 5-6 months, and the longest is ovarian cancer at around 15 months
[79-82].

Multiple prognostic scores were validated to predict survival in patients with
MPE. The most useful scores are:

(a) LENT (pleural fluid lactate dehydrogenase, Eastern Cooperative Oncology
Group performance score, neutrophil-to-lymphocyte ratio, and tumor type).
This is a risk stratification score which classified patients to low, intermediate,
and high mortality risk and correlate with median survival of 319 days, 130 days,
and 44 days, respectively [83].

(b) PROMISE score (hemoglobin, CRP, WBC, ECOG performance status, cancer
type, pleural fluid TIMP1 concentration, prior chemo—/radiotherapy) is also a
risk stratification system evaluating 17 biomarker candidates for survival and
seven for pleurodesis [84].
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Treatment consists of observation, frequent therapeutic aspiration, chest tube
drainage, indwelling pleural catheter (IPC), pleurodesis, and combination of these
therapeutic modalities [85].

Pleurodesis for MPE

1. Video-Assisted Thoracoscopy (VAT) for Pleurodesis.

For different reasons, not all patients with MPE are candidates for VAT pleurodesis.
Poor respiratory condition with significant hypoxemia and hypercapnia, advanced
cardiovascular diseases, and malnutrition are among the major conditions that put
the patients at high risk for administrating anesthesia or undergoing surgical inter-
vention. Thoracotomy and more popular VAT are very useful in performing direct
evaluation of the pleural cavity, obtaining pleural biopsies, carrying out decortica-
tion and detaching the pleural adhesions to release the trapped portion of the lung,
accomplishing poudrage pleurodesis, and placing chest tube or IPC under direct
visualization. The success rate in achieving pleurodesis is over 90% for the patients.
Among the failed cases, 29.5% were found to have trapped lung [86-89].

2. Medical Thoracoscopy (MT).

Medical pleuroscopy was described by a Swedish physician, Hans Christian
Jacobaeus, who explored the pleural cavity of patients with TB and cutting adhe-
sions using a cystoscope in 1910 [90]. This procedure has gained more popularity
in the last two or three decades. The development of flexible bronchoscopy in the
late 1960s encouraged using similar equipment for medical thoracoscopy [91]. The
semiflexible thoracoscope was invented in 1998 which gave the operators better
equipment to perform medical thoracoscopy and obtain pleural biopsy [92].

Compared with VAT procedure, MT requires simpler setup, less equipment, and
limited working space. The procedure is typically more tolerated by the patients.
Usually, there is no need for intubation or general anesthesia to perform the proce-
dure and the recovery is quicker. The procedure is associated with fewer complica-
tions and it is more cost-effective. Technology development and inventing the
semirigid pleuroscope helps in improving the procedural maneuvering to optimize
the benefit of the procedure and increase the flexibility to inspect the entire pleura
and improve the sampling capability [93]. The narrowband imaging device was
added to the pleuroscope to add further ability to enhance blood vessels and distin-
guish benign from malignant or abnormal pleural surface [94]. Autofluorescence
device was also added to the pleuroscope to increase the yield of detecting malig-
nant pleural lesions [95].

Overall, the diagnostic yield of MT is 95% in patients with malignant pleural
disease, with approximately 90% successful pleurodesis for patients with MPE and
95% for pneumothorax [96-99].
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The increasing number of specialized pulmonologists in performing MT and the
growing number of interventional pulmonology fellowship training programs help
in promoting the utilization of this procedure and expanding the indications.

3. Chest Tube Slurry.
It is performed by inserting the chest tube to drain the pleural effusion and then
administrating the sclerosing agent. In meta-analysis to evaluate the efficacy and
safety of chest tube size in the management of MPE, chest tubes <14Fr versus
chest tube >14 Fr have similar successful pleurodesis of 73.8% vs. 82.0% and
complication rate of 13.0% vs. 10.5%, respectively [100].

Poudrage Vs. Slurry Talc Pleurodesis

There are two methods to apply sclerosing agent on the pleura when performing
pleurodesis: poudrage (direct application of the sclerosing agent on the pleural and
the surface of the lung) or slurry (when the sclerosing agent is injected into the chest
tube or indwelling pleural catheter). The success of either of these strategies over
the other has been debatable. In studying 482 patients, both methods showed similar
success during 30-day outcome [101]. In another study, 109 patients showed talc
poudrage is more effective than talc slurry on the short term (87.5% vs. 73%) and
long term (82% vs. 62%) follow-up [102]. In reviewing the randomized controlled
trials published between 1980 and 2014 and comparing the two strategies, there was
no difference in success rates of pleurodesis based on patient-centered outcomes
between talc poudrage and talc slurry treatments. Respiratory complications are
more common with talc poudrage via thoracoscopy [103].

The TAPPS (evaluating the efficacy of thoracoscopy and talc poudrage versus
pleurodesis using talc slurry) trial studied 330 adults with a confirmed diagnosis of
MPE found no significant difference in 90-day pleurodesis failure (the primary out-
come) between poudrage and slurry, 22% vs. 24%, respectively. There was also no
differences in the secondary outcomes which include 90-day hospital stay, all-cause
mortality at 180 days, and cost-effectiveness [104]. In another randomized clinical
trial studying 53 patients, they found no significant difference in hospital stay, chest
tube drainage duration, analgesic requirement, or recurrence rates of effusion [105].

Mechanical Pleurodesis

Mechanical pleurodesis, which is performed with thoracotomy or thoracoscopy,
involves mechanical irritation of the pleura or removal of parietal pleura. The
mechanical irritation can be performed by using Nd:YAG laser, electrocautery,
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argon beam coagulation (APC), or rough gauze. All these techniques lead to the
damage of the mesothelial layer and create pleurodesis. Recent studies showed the
mesothelial cells inhibit the biological cascade of fibrinogenesis. Mechanical irrita-
tion of the pleura has been used mostly in patients with pneumothorax rather than
with MPE (Figs. 15.8 and 15.9). The success rate is very good with low recurrence
[106]. Mechanical and chemical thoracoscopic pleurodesis have an equal success
rate >90% with the former having less perioperative complications and less chest
tube drainage days [107].

Pleurectomy is used to be performed on patients with MPE when there is failure
to control the effusion by tube drainage and instillation of chemical or radioactive
agents, presence of trapped lung, and presence of malignant effusion at the time of
thoracotomy for resection of an intrathoracic tumor [108]. The procedure is per-
formed by VAT. It is usually successful in controlling the effusion but has high rate
of morbidity and mortality, 10-19% [109—111]. The major complications of this
procedure are empyema, bleeding, and cardiorespiratory failure. It was described
more in the literature in patients with mesothelioma.

Fig. 15.8 Pleural cavity before (left) and after (right) mechanical pleurodesis for recurrent
pneumothorax
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Fig. 15.9 Pleural cavity before (left) and after (right) mechanical pleurodesis followed by doxy-
cycline application for recurrent pneumothorax

Pleuroperitoneal Pump

A pleuroperitoneal shunt is a subcutaneous pumping chamber which is inserted by
VAT procedure with one end into the chest cavity and the other into the abdomen.
The procedure has been suggested for patients with MPE with trapped lung when
the pleural drainage or pleurodesis failed in expanding the lung [112—114]. The
presence of ascites precludes insertion of these shunts. Draining the pleural fluid
into the peritoneal cavity required several hundred manual pumps daily. Dyspnea is
relived in the majority of the patients >95%. The complications rate is about 15%
including catheter clotting, skin erosion, infection, catheter break, and malignancy
seeding along the tract. The procedure became less popular because of the need for
frequent fluid pumping and the catheter malfunction.
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4. TPC for Malignant Pleural Effusion.

The major advantages of IPC placement in patient with malignant pleural effusion
are symptomatic relief such as dyspnea or chest pain, shorter hospital stay, and
improved quality of life [115]. IPC has been an easy and more practical procedure
to perform and currently is considered the first-line therapy for patients with MPE
to control the respiratory symptoms, create spontaneous pleurodesis, and prevent
further fluid accumulation.

Despite the fact that pleurodesis is an indicator for cytology confirmed malignant
effusion, it has been performed in patients with cytology-negative pleural effusion
[116]. Evaluating patient for pleurodesis should include a trial of therapeutic thora-
centesis, survival of more than 1-3 month(s), type of malignancy not responsive to
chemotherapy, sufficient expandability of the lung, and adequate functional status
unless it is performed for palliation purpose [117]. Performing large volume thora-
centesis to evaluate for symptomatic relief and lung expandability is recommended
as an initial step of the evaluation [118, 119]. Using pleural manometry to assess for
this purpose does not usually have any advantage over the clinical symptomatic
evaluation such as improvement in dyspnea or radiographic appearance before and
after the thoracentesis [120]. IPC achieves spontaneous pleurodesis in 50-70% of
the patients [121, 122]. Comparing patients who are being treated with chemother-
apy versus no chemotherapy, there is no statistical significance in achieving sponta-
neous pleurodesis [123] .

The mechanisms of pleurodesis in IPC are poorly understood. Most of the sug-
gested mechanisms for autopleurodesis are due to inflammatory reactions produced
by the presence of the foreign body (the catheter) in the pleural cavity and frequent
fluid suctioning, which increase the probability for the catheter to rub the pleura on
dry cavity [124, 125].

There are multiple factors that influence the success of IPC placement in achiev-
ing spontaneous pleurodesis include breast and gynecological malignancy, absence
of the chest wall radiation, positive cytology, and non-trapped lung [126]. Also,
daily drainage of pleural fluid is associated with a higher rate of autopleurodesis and
a faster time to liberate the patient from the catheter [127]. There are multiple series
that report the use of the IPC in patients with malignant pleural effusion and trapped
lung with adequate symptomatic relief and satisfactory quality of life by applying
high drainage frequency [128-131].

The IPC can also be used to install sclerosing agent such as talc to achieve a
higher pleurodesis rate of 92% [132]. The rapid pleurodesis protocol was carried
out by placing IPC in patients with MPE following medical pleuroscopy, and talc
pleurodesis has achieved pleurodesis in 92% and within a short period of time
(7.54 days) [133].

Complications are minimal and include pain, dislodgment, bleeding, infection,
and mechanical failure [134]. IPC pleurodesis should not be considered in an
asymptomatic patient, in patient with a small amount of pleural effusion, or in
patients with chemotherapy- or radiation therapy-responsive tumor [135-137].
When there is no improvement in the patient’s dyspnea despite large volume



15 Pleurodesis: From Thoracic Surgery to Interventional Pulmonology 287

thoracentesis, the focus should be shifted to possible other consequences related to
the malignancy such as lymphangitis carcinomatosis, endobronchial obstruction,
trapped lung or concomitant medical conditions such as COPD, CHF, thromboem-
bolic disease, malnutrition, general deconditioning, or others [138].

Silver Nitrate-Coated Indwelling Pleural Catheter (SNCIPC)

Drug-eluting indwelling pleural catheter with silver nitrate (sclerosing agent) has
been studied and showed higher successful pleurodesis results [139]. The clinical
trial SWIFT (Safety and Effectiveness of a New Pleural Catheter for Symptomatic,
Recurrent, MPEs Versus Approved Pleural Catheter) is intended to assess the effec-
tiveness of SNCIPC on the rate of autopleurodesis compared with uncoated
IPCs [140].

Prediction of Successful Pleurodesis

Pleurodesis failure may be due to incomplete drainage of the pleural fluid, nonho-
mogeneous distribution of sclerosing agents in the pleural cavity, or trapped lung.
The characteristics of the MPE may also predict pleurodesis failure. Multiple stud-
ies have shown that the low PH of the pleural fluid (<7.28) is typically predictive of
pleurodesis failure, extensive pleural tumor burden, and short survival [141]. In
other studies, female gender, good Karnofsky performance status, low pH, elevated
cholesterol, and elevated adenosine deaminase level showed a significant associa-
tion with the probability of pleurodesis success [142]. The meta-analyses of 34
studies involving 4626 patients have shown that pleurodesis success is associated
with increased pleural fluid pH, smaller pleural effusion, full lung expandability,
shorter duration of tube drainage, higher pleural fluid glucose, lower LDH, and
lower pleural tumor burden [143].

In reviewing 155 patients with a 78 % success rate from pleurodesis, the follow-
ing factors were associated with incomplete and unsuccessful procedure: the pres-
ence of purulent adhesion, extensive spread of pleural lesions, systemic
corticosteroid, and prolonged time period between the clinical diagnoses of the
malignant pleural effusion and undergoing the pleurodesis [144].

Using transthoracic ultrasound in evaluating the pleural-lung interaction (sliding
sign and pleural adherence score) has been found very useful when performing the
pleurodesis and evaluating the success of the procedure. The pleural adherence
score is calculated by adding together lung sliding scores (0 = present, 1 = question-
able, 2 = absent) from nine lung zones within the treated hemithorax. A 24-hour
score of 10 or more after the procedure has a sensitivity and specificity of 82% and
92% retrospectively for predicting pleurodesis success at 1 month [145, 146].
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B-Pleurodesis in Refractory Benign (BPE) or Nonmalignant
Pleural Effusion

IPC was used in reliving symptomatic large pleural effusion in nonmalignant pleu-
ral effusions. In a single-center retrospective observational study evaluating 54
patients with BPE, the most common etiology is CHF, liver disease complicated
with cirrhosis, and renal failure. Other conditions leading to symptomatic pleural
effusion were also included. In general there is symptomatic relief in >90% of the
patients and pleurodesis was achieved in about 45%. Complications were 24%
(CHF 16% and liver disease 37%) [147]. In another retrospective study comparing
talc pleurodesis and IPC placement vs. IPC only, there was higher pleurodesis rate
achieved in the former (80%) compared with the latter (25%). This success was
associated with decrease hospitalization [148].

In alarge clinical trial studying the IPC placement in patients with hepatic hydro-
thorax, pleurodesis was achieved in 28%, and median time for pleurodesis was
55 days. Complication rates were about 10% and 2.5% died secondary to catheter-
related sepsis [149] .

Finally, in a systemic review and meta-analysis of 325 patients with recurrent
benign pleural effusion including patients with CHF, liver cirrhosis, renal disease,
yellow nail syndrome, chylothorax, empyema, and others, spontaneous pleurodesis
was achieved in 42% of cardiac patients. In noncardiac patients, spontaneous
pleurodesis was achieved in 61%. The analysis showed that IPC led to less hospital
stays and admissions [150].

C-Pneumothorax

Pneumothorax refers to the presence of air in the pleural space. Primary spontane-
ous pneumothorax (PSP) occurs in patients with no underlying pulmonary disease.
On the other hand, secondary spontaneous pneumothorax (SSP) occurs in patients
with chronic lung condition. The incidence and the recurrence of SSP have been on
the rise in the last 50 years [151, 152]. Risk factors associated with the recurrence
include pulmonary fibrosis, emphysema, and advanced age [153, 154]. SSP is also
associated with higher mortality than PSP [155].

The size and stage of pneumothorax are defined by the radiographic (preferably
CT scan of the chest) and thoracoscopic appearance of the pleural cavity, respec-
tively. In 1981, Vanderschueren defined four stages of pneumothorax based upon
direct visualization of the pleural space: Stage I, lung endoscopically normal; Stage
I, pleuro-pulmonary adhesions; Stage III, small bullae and blebs <2 cm in diame-
ter; and Stage IV, large bullae >2 cm in diameter [156]. The risk of recurrence of
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ipsilateral or contralateral pneumothorax was significantly related to the presence of
blebs or bullae, or both, on the high-resolution CT scan of the chest [157].

The British Thoracic Society (BTS) and the American College of Chest
Physicians (ACCP) have published guidelines regarding the management of spon-
taneous and secondary pneumothorax [158, 159]. The goals of the treatment are to
evacuate the air from the pleural cavity, repair the defect, and prevent recurrence by
inducing pleurodesis. All patients should be admitted and provided with high oxy-
gen supplement. A small size chest tube (<14Fr) should be inserted first. In compar-
ing a variety of treatment methods, chest drainage with pleurodesis has much lower
recurrence rate than chest drainage alone [160]. Thoracic surgical intervention to
evaluate the pleural cavity and perform pleurodesis is the procedure of choice [161].
It allows for performing bullectomy, apical pleurectomy, or mechanical abrasion,
and can be converted over to open thoracotomy if needed.

Overall, the surgical intervention to treat pneumothorax is controversial due to
the lack of good prospective trials comparing various methods. The recent recom-
mendations from the BTS suggest that a surgical opinion should be obtained for a
second ipsilateral pneumothorax, first contralateral pneumothorax, synchronous
bilateral spontaneous pneumothorax, persistent air leak (despite 5—7 days of chest
tube drainage), failure of lung re-expansion, spontaneous hemothorax, pregnancy,
and professionals at risk (e.g., pilots, divers) [162]. The ACCP guidelines recom-
mend either surgical or medical pleurodesis is adequate [163].

Despite the fact that open thoracotomy provides less recurrence compared with
VAT, the latter carries less complications such as operative and hospitalization time,
bleeding, and chest pain [164]. In patients with Vanderschueren’s stage III or IV
blebs/bullae, VATS is the preferred modality of treatment over medical thoracos-
copy because it allows for the ability to perform further surgical intervention such
as bullectomy or apical pleurectomy if needed.

Contraindications

There are no absolute contraindications to perform thoracoscopy, IPC placement, or
pleurodesis. There are multiple factors that should be taken into consideration to
identify high-risk patients for the procedure and for the potential to develop serious
complications. These factors are inability to tolerate the procedure, persistent and
uncorrectable coagulopathy, inability of the lung to expand (trapped lung), compli-
cated pleural cavity with multiple loculation, unstable respiratory status secondary
to advanced pulmonary diseases such as interstitial lung disease, tracheal disease
with inability to tolerate intubations, severe refractory cough, severe hypoxemia and
hypercapnia, advanced cardiovascular disease, fever, cellulitis of the chest, and
allergy to the medications used in the procedure [165-167].
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Complications

IPC complication rate is less than 5% [168]. These include cellulitis, empyema,
loculation, chest pain, and catheter blockage [169]. IPC fracture has been as high as
10% [170]. Catheter-related metastasis has been described and reported as high as
10% and occurs especially in patients with mesothelioma and adenocarcinoma. It
can be recognized clinically as development of subcutaneous nodule near the IPC
insertion site [171].

The complication rate in MT is 2-5% and the mortality rate is <0.1% [172].
There are multiple potential complications resulting from performing pleurodesis
including chest pain, skin infection, empyema, subcutaneous emphysema, air leak-
age, persistent pneumothorax, bleeding, pulmonary embolism, oversedation, acute
respiratory distress, and neoplastic invasion of the thoracoscopy tract [173].

Comparing video-assisted thoracoscopic surgery (VATS) and standard thoracos-
tomy, complications were noticed in 3.3% of patients who underwent VAT pleurode-
sis vs. 15.0% in standard thoracostomy [174].

Cost

The coast of treating patient with MPE in order from the less to the most expensive
procedure is repeated thoracentesis, IPC, bedside pleurodesis, and thoracoscopy.
When measuring the incremental cost-effectiveness ratio (ICER) (estimated as the
cost per quality-adjusted life-year gained over the patient’s remaining lifetime), IPC
is the preferred treatment for patients with malignant pleural effusion and limited
survival. Bedside pleurodesis is the most cost-effective treatment for patients with
more prolonged expected survival [175]. In primary spontaneous pneumothorax,
thoracoscopic talc pleurodesis under local anesthesia is more cost-effective and
superior to conservative treatment by inserting a chest tube and allowing for drain-
age [176, 177].

Future

Pleurodesis has been playing an important role in treating patients with MPE regard-
less of the methods of application of the sclerosing agent (chest tube, IPC, or thora-
coscopy). Many concomitant conditions may contribute to the etiology of the
pleural effusion in patients with malignancy besides cancer such as congestive heart
failure, malnutrition, hypoalbuminemia, pulmonary atelectasis, trap lung, thrombo-
embolic disease, or others. Careful evaluation and optimizing the management of
the reversible elements of the pleural effusion is crucial before proceeding with
further chest drainage and pleurodesis.
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The management plan for MPE should be customized according to the clinical
condition of the patient, factors predicting outcome, and available therapeutic inter-
ventions. IPC is the most practical intervention in treating patients with MPE. It
proves its efficacy and low complication rates. It can be managed mostly in the
outpatient setting. Medical thoracoscopy (MT) is a highly effective modality in per-
forming pleurodesis. It can be done for diagnostic and therapeutic purpose at the
same time. Over the past two decades, it has gained a great deal of attention and
popularity compared with VAT especially after the growth of interventional pulm-
onology field [178], increase in educational courses, advancement in technology to
develop better operating equipment, and widespread use of ultrasonography which
facilitates a safer procedure [179-181]. It also allows more physicians to provide
this service in areas where there is no sufficient number of thoracic surgeons to
provide the necessary procedures. Finally, the cost of the infrastructure (procedure
location, equipment, and supporting staff) for MT is much more affordable than
the VAT.
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