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Dedicated to interventional pulmonologists throughout the world—
past, present, and future






Introduction

There is no question that in 1816 when Rene-Theophile-Hyacinth Laennec
reported his invention of the stethoscope, chest diseases began to be viewed in
an entirely different way. It is interesting that Laennec first called his new
medical instrument the “cylinder,” and it is only later that it was named the
“stethoscope,” derived from two Greek words, one meaning “breast” and the
other “to view.”

Was the stethoscope the first step toward “interventional pulmonary
medicine?” Probably, yes! Indeed, before Laennec, Aristotle and Galen
among others had given us insights on pulmonary diseases, but their main
tool was observations of postmortem tissue. The publication of De humani
corporis fabrica by Andreas Verslicus in 1543 had a remarkable impact on
medicine in general, and lung disease in particular. Then, the invention of chest
percussion by Leopold Auenbrugger in 1764 became an important landmark
and tool for physical examination of chest disease patients.

During the last century, lung surgery was developed, which led not only to
remarkable advances in treatment but also to the understanding of lung disease.
Microscopy had also found its way in the armamentarium of what has been
used to diagnose respiratory disease, and bronchoscopy, invented in 1887, had
also become the preferred instrument for diagnosis and treatment of some
specific lung conditions.

Despite all these advances, and what each in their own way contributed to
research, in clinical chest medicine and treatment, the field of respiratory
disease gained a new momentum with the development of a new discipline,
interventional pulmonary medicine.

In 2004, the series of monographs Lung Biology in Health and Disease
introduced the first edition of Interventional Pulmonary Medicine, edited by John
F. Beamis, Jr., Praveen Mathur, and Atul C. Mchta. At that time, we of course
knew of the success of this new discipline, but we were hoping that this
particular volume would stimulate the relevant research and clinical commun-
ities. Today, five years later, we are pleased to introduce this new edition that
reports on new advanced diagnostic procedures and new therapeutic options
from which patients can benefit.

In their preface, the editors of this new volume (and of the previous
edition) underscore that interventional pulmonary medicine has enormous

ix
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potential, but for it to be realized requires a workforce trained and proficient in
this discipline.

For more than 31 years, the series Lung Biology in Health and Disease
has aimed to bring to its readership the latest information available on specific
research and clinical areas; our goal has always been to do the best we can for
the patients. It is hoped that this new edition of Interventional Pulmonary
Medicine will stimulate students of medicine and clinicians to take advantage of
this emerging and critically important discipline.

As the executive editor of this series of monographs, I am grateful to the
editors and authors for giving us the opportunity to introduce this new volume
and to present to our readership the most recent approaches and therapies from
which patients are certain to benefit.

Claude Lenfant, MD
Vancouver, Washington, U.S.A.



Preface

We are very pleased to organize the second edition of Interventional Pulmonary
Medicine. Interventional pulmonology continues to grow as a specialty within
the broader field of pulmonary/critical care medicine. IP, as it is often referred
to, has become the mainstream, and an increasing number of pulmonary
groups, both academic and private practice, are employing dedicated interven-
tional pulmonologists. The demand for expertise in interventional pulmonary
procedures continues to increase. The web site of the American Association for
Bronchology and Interventional Pulmonology now lists 12 North American
fellowships in interventional pulmonology. There are multiple courses dedi-
cated to various interventional pulmonary procedures in the United States and
Canada and throughout the world, including France, China and Lebanon,
Spain, India, Germany, and Singapore among others.

The initial development of interventional pulmonology was spurred on by
the epidemic of lung cancer, which resulted in many patients presenting with
severe central airway obstruction, requiring endobronchial therapy such as laser
and stenting. Interventional pulmonology has now branched out into other
areas including advanced diagnostic procedures such as endobronchial ultra-
sound, navigational bronchoscopy, and autoflorescence bronchial imaging.
There is an increasing interest in the use of newer interventional pulmonology
procedures to treat nonmalignant pulmonary diseases such as asthma and
chronic obstructive pulmonary disease.

The purpose of this volume is to update recent advances in several of the
classic interventional pulmonology procedures such as endobronchial therapy
and medical thoracoscopy. More importantly, this volume addresses in detail
some of the advanced diagnostic procedures that have recently been validated
or are currently being studied. These include navigational bronchoscopy for the
diagnosis of peripheral lesions and use of endobronchial ultrasound for staging
of lung cancer. Newer therapeutic procedures such as the use of tunnel pleural
catheters for the management of pleural effusion, endobronchial treatment for
asthma, and chronic obstructive pulmonary disease and bronchoscopic therapy
for peripheral lesions will be addressed.

As in the first edition, the last chapter is dedicated to training in
interventional pulmonology. This area continues to be problematic in the
United States. Although up to 12 interventional pulmonology fellows will

xi



Xii Preface

now be graduated each year, this number is insufficient to meet the current
demands, especially if high-quality interventional pulmonologists are to be
provided to outside of known centers of excellence.

We have dedicated this book to interventional pulmonologists throughout
the world. As the three of us have traveled internationally for various meetings
and courses, we have found that pulmonologists in every country face similar
clinical problems whether related to thoracic malignancy or benign conditions
such as tracheal stenosis and foreign body aspiration. We hope that this book
will serve as a summary of recent advances in interventional pulmonology and
that it will improve the competence and performance of interventional pulmo-
nologists and contribute to improved outcomes for their patients.

As in the past, we wish to acknowledge and thank the many experts who
contributed to this endeavor. All are busy practicing physicians who are
committed to sharing their expertise with others. We particularly thank Sandra
Beberman and her team at Informa Healthcare for encouraging us to take on
this project and for her gentle prodding of us and the contributors to bring it to
fruition. We also thank our families and local colleagues for their love and
support to our many projects.

John F. Beamis, Jr.
Praveen Mathur
Atul C. Mehta
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1

New Bronchoscopic Instrumentation: A Review
and Update in Rigid Bronchoscopy

LONNY YARMUS and DAVID FELLER KOPMAN
The Johns Hopkins Hospital, Baltimore, Maryland, U.S.A.

l. Introduction

For over 100 years, rigid bronchoscopy has been an invaluable resource for the pul-
monologist and surgeon. The first rigid bronchoscopy performed by Dr Gustav Killian in
the late 1800s offered physicians a new glimpse into human anatomy and sparked the
growth of pulmonary medicine. Throughout its history, the use of the rigid bronchoscope
has waxed and waned as the approaches to intrapulmonary processes have shifted.
The procedure has proven itself to stand the test of time and remains an integral tool
in the diagnosis and treatment of airway pathology. This chapter focuses on the history
of the rigid bronchoscope, reviews new technological updates in rigid bronchoscopy,
and discusses current ventilatory strategies utilized during rigid bronchoscopy.

Il. History

In 1887, Gustav Killian, of Freiburg, Germany, removed a pork bone from the right
main stem bronchus of a farmer who had aspirated while eating soup. Dr Killian used a
head mirror as an external light source and a 33.5-cm esophagoscope to remove the
11 x 3—-mm bone fragment while performing the first documented foreign body retrieval
utilizing bronchoscopy. The procedure was reported by his assistant, Kollorath, who
stated that, “On March 30th of this year I had the honor to assist my admired principal,
Herrn Prof. Killian in extraction of a piece of bone from the right bronchus. This case is
of such peculiarity with respect to its diagnostic and therapeutic importance that a more
extensive description seemed justified” (1). One of Dr Killian’s early observations
regarding the anatomy of the bronchial tree helped pave the way for advances in
bronchoscopic technology (2) (Picture 1):

The bronchial tubes are elastic, mildly flexible and can be dilated. But most
importantly, they can be displaced. One should not imagine the bronchial tree to
be stiff as if it were made of wrought iron. On the contrary, both the entire
structure and the different branches show pulsating and respiratory movement. It is
therefore obvious that the bronchi do not resist the movement of the instruments. It
is hence possible under local anesthesia to carefully insert the instrument into the
branches of different sizes and to view the small branches. Bearing this in mind,
I do not think it would be too risky to try a direct bronchoscopy approach.
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Picture 1 “Dr. Killian performing an early rigid bronchoscopic examination.”

In 1904, Chevalier Jackson, the “father of American bronchoesophagology” fur-
ther advanced the field of rigid bronchoscopy by equipping his bronchoscope with a
suction channel and a small light bulb at the distal tip to provide illumination. By 1922,
Dr Albricht, a pupil of Dr Killian, reported on 703 patients undergoing rigid broncho-
scopy for foreign body aspiration between 1911 and 1921. He reported successful
removal in 691 (98.3%) of the cases (3).

The rigid bronchoscope quickly became an indispensable piece of equipment
for otolaryngologists across the world and remained the only medical instrument to
access the airways until 1963 when Shigeto Ikeda from the National Cancer Center
Hospital in Tokyo, Japan, introduced the flexible fiberoptic bronchoscope (4,5)
(Picture 2).

Picture 2 “Dr. Shigeto Ikeda performing an early fiberoptic bronchoscopic examination.”
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For the next 30 years, the use of rigid bronchoscopy declined as flexible bron-
choscopy quickly gained worldwide acceptance and almost completely replaced the
rigid bronchoscope as the diagnostic instrument of choice for pulmonary disease. In a
survey performed in 1989, 8% of responders were performing rigid bronchoscopy (6). In
a repeat survey in 1999, this number had declined to only 4% (7).

It was not until the lung cancer epidemic of the 1980s and the associated increase
in central airway obstruction that the utility of the rigid bronchoscope reemerged (8). In
addition, recognition of certain advantages that rigid bronchoscopy has over flexible
bronchoscopy, such as airway control and ventilation during intervention as well as
the ability to simultaneously use larger forceps and suction catheters, has also led to the
increase in rigid bronchoscopies being performed today (9).

lll. New Innovations in Rigid Bronchoscopy

The design of the rigid bronchoscope has not significantly changed since first used by
Jackson in 1897 (Picture 3). It is a stainless steel, hollow cylindrical tube with a lumen,
which is equal along its length. The external diameter of the adult rigid bronchoscope
ranges from 9 to 14 mm and is usually 40 cm long. There is a distal beveled end to allow
for lifting of the epiglottis and safer insertion through the vocal cords. The beveled end
also facilitates dilation of a stenotic lesion and allows one to “core” through the tumor,
achieving rapid airway patency. Fenestrations are present at the distal one-third of the
bronchoscope to allow for contralateral lung ventilation when the bronchoscope is
inserted into a main stem bronchus. Of note, the 30 cm length of the rigid tracheoscope
is shorter than the bronchoscope to allow more maneuverability within the trachea to
relieve proximal central airway obstructions. Since single-lung ventilation cannot be
achieved while operating within the central airway, the tracheoscope does not have the
distal fenestrations seen on the bronchoscope. The proximal end of the tracheoscope/
bronchoscope varies by manufacturer, as discussed further in the text. Most systems
have several ports to allow passage of the telescope, suction catheters, as well as a
variety of instruments used for tumor destruction, tumor excision, dilation, and foreign
body removal (Picture 4).

g Hf:'%

u\\u

|

Picture 3 “Basic design of the rigid and flexible bronchoscope.”
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Picture 4 “(A) Examples of a rigid tracheoscope (top), a rigid bronchoscope (middle) and a rigid
bronchoscope with a ventilating adaptor attached to the proximal end (bottom). (B) A close up view
of a ventilating adaptor and ‘universal instrumentation barrell’.”

Over the past several years, several new designs and modifications of the standard
rigid bronchoscope have given the interventional pulmonologist new tools to advance
the field.

The Bryan-Dumon Series II rigid bronchoscope (Bryan Corp., Woburn,
Massachusetts, U.S.) was the first major modification to the rigid bronchoscope since
the time of Gustav Killian. It features an operator head with a universal instrumentation
barrel. This is an interchangeable piece that can be placed on the proximal end of any of
the color-coded bronchial and tracheal tubes. The universal instrumentation barrel is
also equipped with three side ports for instruments, ventilation, and anesthesia. This
unique design permits the physician to utilize various endoscopic tools, suction cathe-
ters, and laser fibers simultaneously, maintaining the visualization capabilities of the
rigid telescope. The Bryan-Dumon line also offers a stent placement kit for the place-
ment of silicone tracheobronchial stents. This system corresponds to the color-coded
bronchial and tracheal tubes of the Series II rigid bronchoscope. The steel stent intro-
ducers and pushers allow for loading of the Y-stent in a musket barrel-type fashion. The
deployment of the stent can be achieved through the barrel of the rigid bronchoscope
(Picture 5).

There are several ventilatory strategies that can be used during rigid broncho-
scopy. In the 1990s, the most common technique was to use spontaneous assisted
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Picture 5 “The Bryan-Dumon rigid bronchoscope and stent-introducer system with a variety of
silicone stents.”

ventilation with intravenous anesthesia. During this ventilatory strategy, recurrent epi-
sodes of hypoxemia in a high-risk patient population, with many patients suffering from
central airway obstruction, led to a paradigm shift from this mode over the past several
years (10).

A desire for a ventilatory approach by interventional pulmonologists, which
provided continuous oxygenation and ventilation with optimal airway control, led to the
reemergence of jet Venturi ventilation. Originally described in 1967 by Sanders (11),
this method of low-frequency jet ventilation has been shown to effectively ventilate and
oxygenate the patient while keeping the proximal end of the bronchoscope free to allow
passage of instruments.

Jet ventilation is achieved through an open system where 100% oxygen is injected
at 50 psi though one of the operator ports at the proximal end of the bronchoscope. This
is achieved manually, usually at a rate of 8 to 15 breaths per minute, by the anes-
thesiologists who observe chest rise to ensure adequate ventilation. Given that the
system is open to atmosphere, room air is also entrained into the bronchoscope, and as a
result there is a variable FiO, that is transmitted to the distal airways (12). Although a
safe oxyhemoglobin saturation is usually easily obtained, potential downsides to this
system are a limited ability to monitor minute ventilation as well as airway pressures. As
such, there is a potential increased risk of iatrogenic pneumothorax because of dynamic
hyperinflation distal to a stenotic airway (13).

The Wolf Company (Richard Wolf Medical Instruments, Vernon Hills, Illinois,
U.S.) recently produced the Hemer bronchoscope that introduces a measuring port that
can allow levels of carbon dioxide and oxygen as well as pressure fluctuations during the
procedure. The pressure on inspiration resulting from the jet nozzle and room air
entrainment reaches a plateau in the working channel at a distance of approximately
10 cm from the proximal end of the bronchoscope. As a result, the inspiratory pressure
distal to this point can be taken as being representative of the mean inspiratory pressure.
The Hemer bronchoscope has an internal port at 14 cm from the proximal end of
the bronchoscope and can be connected to pressure transducers and gas sensors to
monitor end-tidal CO, (Picture 6).

When used with the Monsoon high-frequency jet ventilator (Acutronic Medical
Systems, Hirzel, Switzerland), ventilation will be discontinued if a set pressure limit is
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Picture 6 “The Hemer bronchoscope. Source: Courtesy of Richard Wolf Medical Instruments,
Vernon Hills, Illinois, U.S.A.”

exceeded (14). The measuring devices for pressure and breath gas and the jet pressure
control are connected via a three-way stopcock and connecting tubes to the Luer con-
nector of the measuring tube.

Another rigid bronchoscope recently produced by Wolf is the Texas R.I.B (Rigid
Integrated Bronchoscope). The bronchoscope was designed by Dr Garrett Walsh at the
MD Anderson Hospital in Houston, Texas, and features separate channels for optics and
instruments to allow for a larger working area with continuous visualization. The
innovative design combines the operator head with the camera, which limits the loss of
working space within the bronchoscope channel taken up by larger optics. This may also
allow increased efficiency during the procedure, as the telescope does not need to be
removed prior to the insertion of accessory devices. There is also an irrigation port at the
proximal operator end to allow washing of the distal lens for optimal visualization. At
the distal tip of the bronchoscope, there are additional fenestrations to provide a 360°
viewing. The bronchoscope is also compatible with all stent systems (Picture 7).

Picture 7 “The Texas R.I.B. bronchoscope. Source: Courtesy of Richard Wolf Medical Instru-
ments, Vernon Hills, Illinois, U.S.A.”
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A. Optical Forceps

Rigid forceps are perhaps the most useful accessory to the rigid bronchoscope. They
are used for multiple modalities of bronchoscopic interventions including stent
placement, repositioning, and removal, as well as foreign body extraction and tumor
excision. The first major new design in optical forceps is now being offered by Wolf.
The new Optical Holding Forceps 3XL “Cyclops Forceps” has a centrally positioned
5.5-mm telescope that ensures optimum visualization in combination with mechanical
stability (Picture 8).

Picture 8 “The Cyclops forceps. Source: Courtesy of Richard Wolf Medical Instruments, Vernon
Hills, Illinois, U.S.A.”

IV. Conclusion

As Chevalier Jackson said, “In the future, as at present, the internist will tap and look
and listen on the outside of the chest; the roentgenologist will continue to look through
the patient; but in continually increasing proportions of cases, the surgeon, the internist
and the roentgenologist will ask the bronchoscopist to look inside the patient.” Rigid
bronchoscopy has stood the test of time and remains the single most important instru-
ment for the interventional pulmonologist for the diagnosis and treatment of airway
pathology.
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Laser Bronchoscopy, Electrosurgery, APC,
and Microdebrider

C. T. BOLLIGER
Division of Pulmonology, Faculty of Health Sciences, University of Stellenbosch, Cape Town,
South Africa

I. Clinical Background
At the time of diagnosis, a good 80% of all lung cancers are inoperable and their
treatment is mainly palliative. Obstruction of the major airways is one of the most
serious complications of advanced stage tumors and can vary from asymptomatic airway
narrowing to life-threatening dyspnea caused by airway occlusion. Significant central
airway obstruction (CAO) with imminent suffocation requires immediate action to
promptly regain airway passage (1,2). Airway obstruction is caused by intraluminal
tumor growth, extraluminal tumor compression, or their combination of both (Fig. 1).
Depending on staffing and equipment of the local health care facilities, patients with or
without previous treatment are referred to the interventional pulmonologist. In devel-
oping countries—usually with limited access to health care—such patients often seek
medical aid at an advanced stage of disease, sometimes exhibiting severe CAO, whereas
in first world setups they usually present with recurrences after previous surgical
treatment or failed chemoradiotherapy. In addition, imminent suffocation and poor
physical condition may provide little room for timely and safe intervention, thus
immediate action is warranted. Therefore, treatment plans must be diligently considered
and executed to obtain an optimal benefit. Tumor coagulation to reduce profuse bleeding
followed by debulking, with additional stenting in case of significant residual extra-
luminal stenosis, is the time-honored accepted strategy (1,2).

For patients with resectable cancers, radical surgical resection with systemic nodal
dissection is the standard approach (3), while lesser resection in the absence of nodal
disease is now being increasingly explored, primarily in Japan (4). Especially for tumors
up to 2 cm in diameter—stage Tla in the newly proposed 7th edition of the TNM
classification system for NSCLC (5)—sublobar resections hold promise. Should sub-
lobar resections become the new standard of care for small peripheral tumors, the
importance of nonsurgical curative attempts of such lesions by techniques such as
brachytherapy (6) or radiofrequency ablation (7) might increase as well, as they would
not be restricted to patients unfit or unwilling to undergo surgery. Within the central
airways, advancements of bronchoscopic techniques allow diligent observation of the
target tissues, that is, in the preneoplastic and carcinoma in situ stage. Increasing
experience with endobronchial ultrasound (EBUS) seems to indicate that, in the absence
of nodal disease, early lung cancer in the central airways, defined as tumor not extending
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Figure 1 Types and treatment options in CAO. Schematic illustration of three basic types of
CAO. A 50% narrowing of the lumen at the distal trachea is chosen for each type. The value of
various treatment modalities for each type is indicated: from @ = N/A to +++ = excellent.

beyond the cartilagenous layer of the airway wall, can be cured by endoscopic techni-
ques (8). Medically unfit patients with early stage cancer have been treated successfully
with intraluminal bronchoscopic treatment for some time (9). Similarly to peripheral
lesions, the advent of newly available imaging techniques such as EBUS, auto-
fluorescence bronchoscopy, and narrow band imaging (10) might also lead to increased
use of endoscopic treatment with curative intent in surgically fit patients with early stage
lung cancer of the central airways. However, before such minimal resections/ablations
both for peripheral and for central airway lesions become the standard of care, carefully
planned prospective comparative trials will have to be conducted. This chapter will
discuss the role and limitations of electrocautery, argon plasma coagulation (APC), and
laser resection in the palliative and curative endoscopic setting, and also describe the
newly available modality of the microdebrider.

Il. Indications

A. Palliative Treatment
As many as 30% of all lung cancer patients may present with central airway involvement
already at the time of diagnosis. Most of these situations present locally advanced tumor
stages, which irrespective of their cell type are not amenable to surgical resection.
Depending on the degree of obstruction, but also on the availability on oncological
services, these tumors are treated with chemoradiotherapy with palliative intent. The
initial treatment often leads to excellent local tumor control and symptom relief. The
duration of this effect, however, is often short-lived and rarely exceeds months or at best
a few years. In many such situations, the oncologist’s armamentarium is then severely
limited. Often the total dose of external beam irradiation has been exhausted or first-line
chemotherapy is not effective any more, or too toxic. If such patients present with
endobronchial tumor obstruction of the central airways with a significant amount of
normal lung parenchyma distal to the obstruction, reopening of the affected airway by
endoscopic means can provide palliation with excellent symptom relief and limited local
tumor control.

The large majority of patients with even marked CAO should first undergo an
orientating flexible bronchoscopy, lung function measurements, and a CT scan of the
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chest to help planning of the therapeutic endoscopic procedure. Imminent respiratory
failure, however, accompanied by symptoms such as stridor and severe dyspnea requires
immediate action precluding the above-mentioned investigations (2). The immediate
action taken is similar to tracheal intubation for lifesaving resuscitation. It has been a
consensus that individuals presenting with imminent suffocation usually present
with >50%, often even subtotal obstruction of their central airways (3). With such a
clinical presentation, the interventional pulmonologist has to anticipate intra- and
extraluminal airways’ stenoses (Fig. 1). For extraluminal CAO >50% of the normal
lumen, airway dilation, often followed by stent implantation, is the only choice. In case
expertise is lacking, immediate intubation using the fiberoptic bronchoscope, passing
distal of the stenosis and cleaning the distal airways of pus and mucus prior to referral,
can be lifesaving. Inflation of the tracheal cuff helps compress the tumorous section.
Thereafter, the patient can be transported safely to a referral center for further treatment.

In the setting of such a center, the interventional pulmonologist can perform tumor
coagulation and debulking in the same session by either using the rigid scope or working
through the endotracheal (ET) tube with the flexible scope. The rigid scope with the
whole barrel lumen available as a large working channel provides better access, allowing
safer manipulation as ventilation is better preserved, and hemorrhage can be controlled
by direct compression of bleeding tissue by the instrument itself (1). Despite increasing
availability of devices suited for the flexible bronchoscope, its blocking effect within the
ET tube often limits adequate ventilation, and the smaller working channel may jeop-
ardize safety, especially when dealing with emergency situations, and prolongs treatment
time. From the clinical perspective, immediate symptomatic relief by tumor coagulation
using laser resection or electrocautery followed by mechanical debulking is straight-
forward and has been the accepted consensus strategy (1,2,11-14). The effectiveness of
stent placement for significant extraluminal disease has also been established.

B. Treatment with Curative Intent

Benign Conditions
Benign conditions amenable to curative endoscopic treatment are usually benign tumors,
originating from central airway walls, as well as circumscribed scar tissue, leading to
severely narrowed airway lumen. Frequent benign tumors are lipomas, hamartomas,
chondromas, papillomatosis, but also inflammatory granulation tissue from foreign
bodies or suture materiel. The most frequent scar situations are postintubation tracheal
stenoses, which range from simple weblike stenoses with an intact airway wall to
complex stenoses with varying degrees of wall destruction and remodeling, often
exhibiting some degree of tracheomalacia as well. The interventional pulmonologist is
ideally suited to deal with all tumors described above as well as with the management of
weblike stenoses. For all more complex situations involving airway wall destruction, the
best curative treatment should be sought with an interdisciplinary approach involving
the interventional pulmonologist, the ENT, and/or thoracic surgeon.

Malignant Tumors in the Central Airways
Arguments have been raised that the limited number of patients with occult cancer
treated with various intraluminal bronchoscopic techniques does not justify their role.
However, less extensive surgical resection, for example, segmentectomy and surgical
bronchoplasty, has been accepted as a legitimate approach for patients considered to be
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high-risk surgical candidates because of limited pulmonary function (15). This concept
is based on the recognition that minute early stage lesions within the bronchoscopically
visible range, according to strict criteria as proposed by S. Ikeda in 1976, never have
nodal disease (16). Meticulous histopathological studies from various Japanese centers
and from the Mayo screening study confirmed the superficial nature of these lesions and
the absence of lymph nodes’ metastasis (17-20), while it is long known that these lesions
are only several millimeters thick. All these data have raised increased interest to apply
photodynamic therapy (PDT) for treatment with curative intent and to move to early
detection and localization, and apply methods for accurate staging prior to any treatment
decision.

A vast array of early detection and staging methods are increasingly being inves-
tigated: sputum cytometry, autofluorescence bronchoscopy, local staging with EBUS,
high-resolution computed tomography, virtual bronchoscopy, and fluoro-deoxy-glucose
positron emission tomography (FDG-PET) scan. These investigational techniques com-
bined with minimally invasive intralesional treatment can therefore provide a cost-
effective early interventional management in the current screening area (8,9,21-23). This
has driven a paradigm shift toward early intervention, recognition of the individuals at
highest risk, biomolecular research, predictive algorithms for those at risk, and early
interventional strategy such as chemoprevention at the preneoplastic stage of early
detected potentially malignant lesions. As far as endoscopic treatment of early lung cancer
is concerned, most reports mention the use of either PDT or electrocautery (24,25).

A detailed description of this topic is, however, beyond the scope this chapter, which
emphasizes the role of endoscopic tools used for the resection of endobronchial tumors or
mixed airway obstructions with an important endobronchial component (Fig. 1). These
tools can be divided further by their onset of action: immediate versus delayed. This
chapter exclusively discusses three modalities: laser resection, electrocautery, including
APC, and the microdebrider, all with immediate effect. Modalities with delayed effect,
such as PDT and brachytherapy, but also cryotherapy—which is increasingly used with
immediate effect as well—are dealt with elsewhere in this book. Further, the treatment of
extrinsic airway compression by stents is discussed in chapter 4.

It is clear from the outset that treatment modalities used with the same indications
and outcomes are largely competitive in nature, and the practicing interventional pul-
monologist often has to decide which one he wants to use (Fig. 1). Even in very
specialized centers with high patient loads, one uses either laser or electrocautery.
Although both laser and electrocautery will be described individually later, the technical
approach is virtually identical, both modalities provide excellent results, and the choice
of the one or the other technique often depends on the physician preference, the local
setup, and financial considerations. The microdebrider, on the other hand, is a very
recent addition to the pulmonary endoscopist’s toolbox and can be considered a com-
plementary modality for the rapid removal of bulky tissue. The individual techniques are
discussed later.

lll. Laser Resection
The word “laser” is an acronym for Light Amplification of Stimulated Emission of
Radiation. Laser resection is the application of laser energy delivered via rigid and/or
flexible bronchoscopes to manage (palliate or cure) different endobronchial lesions.
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Figure 2 Laser resection. Laser resection of recurrent endoluminal growth of thymoma needing
repetitive laser resection after exhaustion of chemo- and radiotherapy options. (Top) Before
resection, the rigid bronchoscope is in place with tip of Nd:YAG laser probe left and suction
catheter right at distal end of barrel, approximately 1.0 to 1.5 cm from tumor. (Bottom) View five
minutes later with tumor resected. Note significant residual narrowing of tracheal lumen because
of extraluminal component of tumor, in this case, not necessitating stent placement.

The use of laser resection in the tracheobronchial tree has been firmly established
for decades (26-30). The following description of the equipment and technical back-
ground is therefore an update and not a repetition of a detailed discussion of laser
physics (Fig. 2).
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A. Equipment and Technical Background
Most laser lights can be delivered through optical fibers and are suitable for broncho-
scopic applications. Three main characteristics determine the suitability of a particular
laser for therapeutic bronchoscopy, which are (i) power density rating, (ii) ratio of
absorption and scattering coefficients in soft tissue, and (iii) the delivery system. Power
density depends on laser technology and on factors such as target tissue and exposure
time. By determining the volume of tissue that is heated, absorption and scattering make
the difference between cutting and hemostasis. Lasers with high absorption coefficients
and high scattering coefficients are good coagulators. The different types of laser and
their characteristics are listed in Table 1. The Nd-YAG (neodynium:yttrium aluminium
garnet) equipment is the most widely used type of laser for bronchoscopic interventions
because it has sufficient power to vaporize tissues and produces an excellent coagulation
effect. With its wavelength of 1064 nm, which is in the invisible range, it needs a pilot
light usually in the red color range. Both contact and noncontact probes are available. In
the noncontact mode, the tip of the probe is held at about 1 cm proximal to the target. An
initial power setting of 20 to 40 W with a pulse duration of 0.5 to 1 second represents a
safe initial setting to obtain devascularization. To carbonize tissue one either moves the
tip of the probe closer to the target at about 3 mm or applies several pulses at the same
location. When treating obstructing lesions of the central airways, the aim is to devas-
cularize the tumor and subsequently core out the tumor bulk with the tip of the rigid
bronchoscope. When working with a flexible bronchoscope, the lesion is either devas-
cularized or carbonized and the remaining tissue removed by forceps, or the whole
lesion is vaporized. Both rigid and flexible techniques are used successfully (29,32,33).
Protective eyewear is mandatory when the laser beam is activated.

The CO, laser with a wavelength of 10.600 nm is an excellent cutting tool with an
almost scalpel-like precision. Its application in the tracheobronchial tree has, however,
been limited by its poor coagulating properties and more importantly by the need of a
cumbersome articulated arm delivery system, which precludes its use distal to the main
carina. The CO, laser is quite popular with ENT surgeons for the upper respiratory tract.

Laser resection delivered via a rigid or flexible bronchoscope requires anesthesia
(topical anesthesia with or without conscious sedation, or general anesthesia). Proce-
dures done with the rigid scope always require general anesthesia.

Table 1 Laser Equipment for Bronchoscopic Applications

Biological effects

Type of laser Wavelength (nm) Vaporization Coagulation
Nd-YAG 1064 +++ +++
CO, 10,600 +* -
Argon 488-514 - ++
Dye 360-700 Activate photochemicals

Diode 810 + ++
Excimer 193-351 Tissue destruction by mechanical effect
YAP-Nd 1340 ? ++

Precise cutting effect. Note: ? indicates unknown result.
Source: Reproduced from Ref. (31).
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B. Clinical Experience and Results
For nearly 80 years in the history of bronchology, therapeutic interventions were limited
to foreign body removal and suctioning of airway secretions. In 1976, Laforet et al. (34)
reported the first applications of laser for the management of airway tumors. Toty et al.
(35), Dumon et al. (26), and Cavaliere et al. (27) published their experiences with the
application of Nd-YAG laser in endoscopic tracheobronchial surgery, which became the
most frequently used nonsurgical technique in the management of malignant as well as
benign endobronchial disorders.

The main indication for laser bronchoscopy comprises obstructive lesions of the
trachea, the left and right main bronchi, the bronchus intermedius, and the lobar orifices
that compromise ventilation and produce severe symptoms (including dyspnea, stridor,
intractable cough, and hemoptysis) (Table 2) (Fig. 3). Laser treatment of obstructions of
a single segmental bronchus does not improve ventilation significantly but is worth
trying from two segments (i.e., middle lobe) upward. The most frequent indication is
inoperable lung cancer with endobronchial manifestations. The main goal of the inter-
vention is palliation. In many cases, laser bronchoscopy is combined with other treat-
ment modalities, that is, stenting, external beam irradiation, and brachytherapy.

The only absolute contraindication is external compression. There are relative
contraindications such as intractable hypoxemia, bronchoesophageal fistula, and coa-
gulopathy. Complications of laser bronchoscopy include hypoxemia, bleeding, perfo-
ration, fistula formation, and fire. The risk of fire necessitates a limitation of the inspired

Table 2 Indications for Laser Resection and Electrocautery

Malignant Primary lung cancer
disorders Endobronchial metastasis (from breast, colon, kidney, thyroid gland, esophagus)
In situ carcinoma®
Typical carcinoid®
Benign tumors® Papilloma, fibroma, lipoma, hamarthochondroma, leiomyoma
Stenoses As a result of the following:
Anastomosis (lung transplantation, surgical resection)
Intubation
Tracheotomy, tracheostomy
Tuberculosis
Sarcoidosis
Wegener’s granulomatosis
Trauma
Inhalation injury
Radiation therapy
Granulation tissue
Miscellaneous Reduction of bleeding
Amyloidosis
Endometriosis
Closure of esophagobronchial fistulas
Foreign body removal (lithotripsy)

Endobronchial obstruction in the central airways.
“Intended to be curative.
Source: From Ref. 31.
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Figure 3 Argon plasma coagulation. Schematic illustration of the flexible catheter tip for delivery
of argon into the tracheobronchial tree. The argon gas (Ar) flows around a high-frequency electrode
and spreads out into the airway lumen. When the gas is activated and ionized it is called plasma. A
spark through the plasma jet dessicates tissue (depicted by the brown area) to a specific depth.

oxygen concentration (FiO,) to <40% (but strictly < 50%) (36). In patients requiring
higher FiO, values a safe alternative is the use of cryotherapy.

The channel of the rigid bronchoscope is large enough to simultaneously allow
ventilation, passage of different laser fibers, and a suction tube. In addition to photo-
coagulation, mechanical dilation with rigid tubes of increasing diameter can also be
performed. For resection of bulky lesions, the rigid technique is clearly favored for
speed and safety by bronchoscopists skilled in both techniques (26,29,37).

In the treatment of early-stage lung cancer with curative intent, however, the
flexible bronchoscope is comparable to the rigid method.

IV. Electrocautery and Argon Plasma Coagulation
The use of electrical current for tissue destruction by heat is called electrocautery or
diathermy. Because of voltage difference between probe and target tissue, electrons will
flow and current density can be controlled using probes that conduct the electrons
toward the target (38). Electrons will generate heat for tissue coagulation because of the
higher resistance of the target tissue. APC uses ionized argon gas jet flow (=plasma) to
conduct electrons allowing a noncontact mode of treatment (lightning effect) (39).

A. Equipment and Technical Background
The high frequency electrical generator is a standard instrument in every hospital to
generate alternating current that prevents neural and muscular response. A plate is
attached to the patient to ground electrons. APC has been popular in gastrointestinal
endoscopy for superficial coagulation of large mucosal surfaces. The argon gas quite
flexibly flows around bends and corners (Fig. 3). Coagulated tissue has a higher resis-
tance, which automatically drives the argon gas flow away to nearby untreated tissue.
APC is therefore suited to treat bronchial segments, which take off at an acute angle
from the major airways, such as apical and posterior segments of the upper lobes or
the apical lower lobe segments. This is an advantage over laser bundles, which always
leave the probe in a straightforward fashion.

Various probes are available to perform controlled conductance of electrons:
biopsy forceps, knives, blunt probes, suction rods, cutting loops, and snares. Each can be
chosen to match personal expertise and need. Current density is the issue to be
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remembered as the size of the probe functions as the focusing point for electrons.
Ultimate tissue effect therefore depends on voltage difference between probe and tissue
(i.e., the wattage setting), the surface area of contact (e.g., smaller probe will increase
current density), the duration of energy application (i.e., the time duration electrons
are allowed to pass) in the absence of leak (mucus, blood, and conductance of metal part
of the bronchoscope or other instruments). More importantly, one sees the immediate
effect during electrocautery treatment, which corresponds well with the histological
effect of coagulative necrosis (40).

The vast array of instruments (rigid or flexible), both for contact or for noncontact
mode, is appealing for every purpose to match personal expertise and need (Fig. 4).
Purchase price and maintenance cost of equipment are low, reusable applicators are
cheap, while the principle is straightforward and easy to comprehend especially in
comparison to Nd-YAG laser, which is the most popular technique in larger institutions
(11,42,43) The contact mode, that is, palpation to coagulate tumor is similar to Nd-YAG
laser by way of the sapphire probe, while the noncontact mode of APC is similar to the
noncontact mode of the Nd-YAG laser for achieving superficial coagulation. One may
perform coagulation, cutting, fulgurate, vaporize, and all combinations with mechanical
debulking for quick airway recanalization. Significant residual extraluminal stenosis or
airway wall collapse can be managed by stent placement (see chap. 4).

Arguments have been raised that compared to Nd-YAG laser, the effect of
electrocautery and APC are superficial. Nd-YAG laser is the most popular technique
for coagulation because of its enormous heat sink effect, as photons of 1064 nm
deeply scatter causing profound tissue necrosis. In contrast, electrons do not scatter
and dissipate in the deeper layers beneath the point of impact, leading to superficial
necrosis, similar to CO, laser for treating watery tissue. Deep tissue coagulation,
however, may not always be preferable because of the vicinity of major vessels in the
central airways, especially in the changed anatomy following previous treatments
(surgical resection, chemoradiotherapy). The importance of coagulation to minimize

(B)

Figure 4 Electorcautery probes (A rigid, B flexible). (A) Rigid electrocautery tools. (Above)
Combined hollow electrocautery/suction probe as used at Tygerberg Academic Hospital. (Below)
Rigid bronchoscope with distal electrocautery loop. (B) The various flexible tools from top to
bottom: snare, hook, knife, blunt probe. Note the green ring on certain probes, this should be
visible during electrocautery to guarantee safety distance between cauterizing tip of probe and
distal end of flexible bronchoscope. Source: For part (A): From Ref. 41.
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profuse bleeding prior to debulking is the accepted strategy in restoring airway passage
(1,2,29).

Logistics for applying electrocautery and APC are simple (no goggles and cov-
erage of reflecting surfaces), and the system runs on much less electrical energy. The
ease of using the instrument and flexible applicators as additions to standard flexible
bronchoscopes is a great advantage (similar to the flexibility of a brachytherapy catheter
vs. the rigidity of microlens and cylindrical diffuser for PDT).

APC as a noncontact mode using argon plasma jet also clears the pool of mucus
and blood and conducts electrons around the corner. It allows spraying larger surface
areas to obtain homogeneous and superficial necrosis. Electrocautery and APC are
therefore elegant tools for treating early-stage superficial squamous cell cancer known to
be only several cell layers’ thick similar to using CO, laser or ultraviolet light illumi-
nation for PDT using Photofrin 1™ sensitizers (12).

B. Clinical Experience and Results

Various authors such as Hooper (42,43) and Sutedja et al. (11) reported the use of
electrocautery through the fiberoptic bronchoscope and its economic potential, but the
initial popularity of Nd-YAG laser was overwhelming. The obvious advantages of
electrocautery were not fully appreciated until cost-effectiveness became increasingly
important (11,12). In palliative interventional pulmonology, various available methods
can currently be applied. Hot techniques achieve rapid hemostasis enabling mechanical
debulking of obstructing tumors. This combination of techniques has become the cor-
nerstone approach for immediate recanalization (1,2,29). Brachytherapy and PDT with
their delayed effects are therefore less appropriate. Electrocautery and APC are
straightforward techniques, enabling simpler clinical application than Nd-YAG laser
(11,13,44,45).

V. Microdebrider
In contrast to the well-established modalities of laser resection and electrocautery, the
microdebrider (Xomed, Jacksonville, Florida, U.S.) is a new addition to the arma-
mentarium of the interventional pulmonologist, used to cut and simultaneously remove
obstructing endoluminal tissue from the airway with immediate effect.

A. Equipment and Technical Background

The microdebrider is a powered rotary dissection instrument with incorporated suction,
previously used in orthopedics and sinus surgery and newly adapted for CAO (46-48). It
consists of the blade (Fig. 5), the hand piece (Fig. 5), and the control console (Fig. 6).
The blade is disposable and is composed of a hollow metal tube inside another hollow
tube. The blade can be smooth or serrated. It can rotate in the forward and reverse
direction or can oscillate between the two. The hand piece allows the user to control its
movement. It holds the motor that moves the blade up to 10,000 rpm, though working
speeds are in the 1000 to 2000 rpm range. It also contains the suction port through which
debris and blood may be removed. The control console operates the hand piece through
a foot pedal and allows for changes in speed and direction. The microdebrider blade
comes in two lengths: 37 cm, allowing access to lesions of the trachea and at the most of
the proximal main bronchi, and 45 cm, for more distal lesions (49).
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Figure 5 The microdebrider. The rotating tip tracheal microdebrider with the hand piece and
suction tube in top right hand corner. Source: From Ref. 49.

The microdebrider has several advantages over the thermal modalities of des-
obstruction. Because of the combination of dissection and suction, there is immediate
removal of debris and blood, maintaining a clear operating field. This can make for
shorter operating times. There is no need to limit inspired oxygen concentration as
airway fires are a nonissue. Patients with high oxygen requirements may be accom-
modated. For the operators, eye protection is not necessary.

On the other hand, hemostasis is a potential problem, as a separate instrument to
control bleeding (a separate thermal modality or tamponade using the rigid broncho-
scope) is necessary. In rounded cyst-like lesions, a laser or other modality has to be used
to cut into the lesion before the microdebrider can bite into the edges. An important
limitation of microdebrider use is its rigidity and diameter of 5 to 7 mm, which limit its
use to rigid bronchoscopy or suspension laryngoscopy.
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Figure 6 The microdebrider. The control console for selection of blade speed and direction with
use of foot switches. Source: From Ref. 50.

B. Clinical Experience and Results
The microdebrider has been in use for sinus surgery since its introduction in 1985 by
Kennedy and Kennedy (46). The success of this modality prompted further experi-
mentation. The first use of the tool for airway desobstruction was by Simoni et al. in
2003 (48). In 2005, Lunn et al. (50) reported on the utility of the microdebrider in CAO.
Twenty-three cases of postintubation granulation tissue, tracheal stenosis, and malignant
obstructions underwent treatment. Lesions were at the trachea or main-stem bronchi.
Rigid bronchoscopy and, in four cases, suspension laryngoscopy were employed for the
procedure. In 2008, Lunn et al. (51) expanded on their previous work. Using the longer,
45 cm instrument instead of the previous 37 cm, they were able to reach lesions more
distal to the mainstem bronchi. While various airway blades are available, Lunn and
Ernst (52) favor an angled tip tracheal blade with a serrated edge, as the slight angle to
the tip of the blade allows for excellent maneuverability in the airway with the ability to
reach most lesions in the trachea and proximal portions of the mainstem bronchi. They
prefer the serrated blades to smooth blades, as they found them superior for cutting
redundant tissue and pulling it into the orifice of the blade. Further, they prefer an
oscillating mode rather than a forward or reverse mode, as they found the oscillating
blade to clog up less with tissue. In terms of blade speed, they use slower speeds in the
range of 1000 to 2000 rpm, as they allow more time for tissue to be drawn up into the
aperture of the blade and result in rapid debridement.

Whether the microdebrider enjoys vast use will depend on the cost of the blades,
but also on whether it proves superior both in terms of speed and safety in comparison to
simple coring out with the barrel of the rigid bronchoscope of tissue previously
devascularized by thermal ablation methods.
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VI. How I Do It

A. Equipment
At our institution, a large teaching hospital in the greater Cape Town area, more than
90% of all therapeutic bronchoscopies involving resection of endobronchial tissue are
performed with the rigid bronchoscope under general anesthesia. An important con-
sideration is cost-effectiveness due to significant financial constraints. In many instan-
ces, the flexible instrument is used through the barrel of the rigid scope, and tissue
resection is performed in a combined fashion; more proximal and bulky lesions being
treated with rigid applicators, smaller and more distal lesions situated at angles not
easily accessible with the rigid tube being treated with the flexible instrument and its
tools.

The exclusive use of the flexible bronchoscope is limited to procedures that
generally are expected to last a maximum of 30 to 40 minutes and are done under local
anesthesia. Such procedures require removal of little tissue such as pure weblike post-
intubation stenoses of the trachea or treatment of early lung cancer.

As all our interventional pulmonologists involved in therapeutic bronchoscopies
are versed in both the rigid and flexible techniques, the reasons to generally prefer the
rigid instrument are (i) safety and (ii) speed. The better airway control in terms of
ventilation and hemostasis is achieved with the rigid tube as mentioned earlier. The
major concern even in experienced hands is the occurrence of significant hemorrhage. In
such a situation, the combined use of the rigid barrel tip to compress the bleeding site
and the ability to use one or more large caliber suction tubes to clear the blood, and
simultaneously being able to apply thermal energy to achieve lasting hemostasis present
the safest approach. As for speed, the much larger applicators used during rigid bron-
choscopy allow much shorter intervention times for the resection of a given amount of
tissue. Further, since the defining contributions made by Dumon (26,29), it has become
standard practice to remove bulky tissue masses by only devascularizing them with
thermal energy and subsequently resecting the tissue mechanically by coring it out with
the bevel of the rigid bronchoscope and removing it by forceps (2,14,30,31,53). With the
advent of the microdebrider, tissue resection and removal can be achieved in one go,
thermal applicators being used to achieve hemostasis where necessary.

B. Thermal Energy

By and large laser resection or electrocautery are competitive techniques (Fig. 1), both
being used successfully. At our institution we have opted for electrocautery for financial
reasons. We use both flexible and rigid probes. When using the rigid probe, the time-
honored combined suction/cautery probe by Storz was found to be extremely safe and
fast. Firstly, the probe can be used to palpate tissue; secondly, the continuous suction
combined with simultaneous application of electrocautery provides two tools in one, and
finally, because of the large suction tube, removal of tissue is often possible by the probe
without the need for a forceps.

C. Anesthesia
The most important part is the careful planning and discussion of the procedure with
the anesthetist well ahead (36). Potential complications such as bleeding, hypoxia,
barotrauma often depend on the nature of the lesion and/or the overall condition of the
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patient. In case of doubt, a bed in high or intensive care should be reserved for the
immediate postoperative period.

Procedures exclusively performed with the flexible bronchoscope are usually done
under local anesthesia, with or without transtracheal application of 1% lidocaine. All
patients get additional intravenous conscious sedation with midazolam and/or propofol.
If a patient is unable to maintain proper airway control, we use mostly a laryngeal mask
or an ET tube, both with spontaneous ventilation.

Most procedures are, however, performed under general anesthesia. When using
the Dumon bronchoscope, ventilation is assisted-controlled through a large side-port of
the scope. When using Storz equipment, jet ventilation is used (36). Most of our pro-
cedures are performed with the Dumon scope, as this allows the use of different diameter
tubes within a large tracheostomy tube without the need for repetitive extubation/
reintubation maneuvers. This saves time and protects the larynx. Tubes of varying diameters
are used for dilatation of airways, exhibiting mixed stenoses with an endoluminal component
to be resected and an extraluminal component to be dilated, often combined with stent
placement to obtain a durable effect.

Summary
Tracheobronchial therapeutic approaches form a well-established part of the practice of
interventional pulmonology both for palliative and for curative intent.

In the palliative setting, the techniques of laser resection, electrocautery, argon
plasma coagulation, and microdebrider resection aim at alleviating central airway
obstruction. In contrast to brachytherapy and photodynamic therapy with delayed clinical
effects they can provide immediate relief. For early stage lung cancer and benign lesions
of the central airways, various intraluminal techniques can also be used with curative
intent.

References

1. Dumon JF, Shapshay S, Bourcereau J, et al. Principles for safety in application of neodymium-
YAG laser in bronchology. Chest 1984; 86:163-168.

2. Bolliger CT, Mathur PN, Beamis JF, et al. European Respiratory Society/American Thoracic
Society. ERS/ATS statement on interventional pulmonology. European Respiratory Society/
American Thoracic Society. Eur Respir J 2002; 19:356-373.

3. Ginsberg RJ, Rubinstein LV. Randomized trial of lobectomy versus limited resection for T1 NO
non-small cell lung cancer. Lung Cancer Study Group. Ann Thorac Surg 1995; 60:615-622.

4. Okada M, Nishio W, Sakamoto T. Effect of Tumor size on prognosis in patients with non-
small cell lung cancer: the role of segmentectomy as a type of lesser resection. J Thorac
Cardiovasc Surg 2005; 129:87-93.

5. Goldstraw P. Lung cancer staging: the sixth and latest revision. Oral Presentation at ATS
Congress, Toronto, May 20, 2008.

6. Harms W, Krempien R, Grehn C, et al. Electromagnetically navigated brachytherapy as a new
treatment option for peripheral pulmonary tumors. Strahlenther Onkol 2006; 182(2):108-111.

7. Zhu JC, Yan TD, Morris DL. A systematic review of radiofrequency ablation for lung
tumors. Ann Surg Oncol 2008; 15(6):1765-1774 [Epub March 2, 2008].

8. Miyazu Y, Miyazawa T, Kurimoto N, et al. Endobronchial ultrasonography in the assessment
of centrally located early-stage lung cancer before photodynamic therapy. Am J Respir Crit
Care Med 2002; 165(6):832-837.



Laser Bronchoscopy, Electrosurgery, APC, and Microdebrider 23

10.

11.

12.

16.
17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Sutedja TG, van Boxem AJ, Postmus PE. The curative potential of intraluminal bronchoscopic
treatment for early-stage non-small-cell lung cancer. Clin Lung Cancer 2001; 2:264-270.
Herth FJ, Eberhardt R, Ernst A. The future of bronchoscopy in diagnosing, staging and
treatment of lung cancer (Review). Respiration 2006; 73(4):399-409.

Sutedja G, van Kralingen K, Schramel FM, et al. Fibreoptic bronchoscopic electrosurgery
under local anaesthesia for rapid palliation in patients with central airway malignancies: a
preliminary report. Thorax 1994; 49:1243-1246.

van Boxem T, Muller M, Venmans B, et al. Nd-YAG laser vs bronchoscopic electrocautery
for palliation of symptomatic airway obstruction: a cost-effectiveness study. Chest 1999;
116:1108-1112.

Coulter TD, Mehta AC. The heat is on: impact of endobronchial electrosurgery on the need
for Nd-YAG laser photoresection. Chest 2000; 118:516-521.

Ernst A, Feller-Kopman D, Becker HD, et al. Central airway obstruction. Am J Respir Crit
Care Med 2004; 169:1278-1297.

Endo C, Sagawa M, Sato M, et al. What kind of hilar lung cancer can be a candidate for
segmentectomy with curative intent? Retrospective clinicopathological study of completely
resected roentgenographically occult bronchogenic squamous cell carcinoma. Lung Cancer
1998; 21:93-99.

Ikeda S. Atlas of Early Cancer of Major Bronchi. Igakushoin Publisher, 1976.

Woolner LB, Fontana RS, Cortese DA, et al. Roentgenographically occult lung cancer:
pathologic findings and frequency of multicentricity during a 10-year period. Mayo Clin Proc
1984; 59:453-466.

Usuda K, Saito Y, Nagamoto N, et al. Relation between bronchoscopic findings and tumor
size of roentgenographically occult bronchogenic squamous cell carcinoma. J Thorac Car-
diovasc Surg 1993; 106:1098-1103.

Konaka C, Hirano T, Kato H, et al. Comparison of endoscopic features of early-stage squ-
amous cell lung cancer and histological findings. Br J Cancer 1999; 80:1435-1439.
Nagamoto N, Saito Y, Ohta S, et al. Relationship of lymph node metastasis to primary tumor
size and microscopic appearance of roentgenographically occult lung cancer. Am J Surg
Pathol 1989; 13:1009-1013.

McWilliams A, MacAulay C, Gazdar AF, et al. Innovative molecular and imaging approaches
for the detection of lung cancer and its precursor lesions. Oncogene 2002; 21:6949-6959.
Sutedja G. New techniques for early detection of lung cancer. Eur Respir J Suppl 2003;
39:57s-66s.

Sutedja G, Venmans BJ, Smit EF, et al. Fluorescence bronchoscopy for early detection of
lung cancer: a clinical perspective. Lung Cancer 2001; 34:157-168.

van Boxem AJ, Westerga J, Venmans BJ, et al. Photodynamic therapy, Nd-YAG laser and
electrocautery for treating early-stage intraluminal cancer: which to choose? Lung Cancer
2001; 31:31-36.

Mathur PN, Edell E, Sutedja G, et al. Treatment of early stage non-small cell lung cancer.
American College of Chest Physicians. Chest 2003; 123(1 suppl):176S-180S.

Dumon JF, Rebound E, Garbe L, et al. Treatment of tracheobronchial lesions by laser
photoresection. Chest 1982; 81:278-284.

Cavaliere S, Foccoli P, Farina P. Nd:YAG laser bronchoscopy: a 5-years experience with
1,396 applications in 1,000 patients. Chest 1988; 94:15-21.

Cavaliere S, Foccoli P, Toninelli C. Endobronchial laser treatment. In: Strausz J, ed. Pulmonary
Endoscopy and Biopsy Techniques. European Respiratory Monograph, Vol 3. 1998:49-64.
Cavaliere S, Dumon JF. Laser bronchoscopy. In: Bolliger CT, Mathur PN, eds. Interventional
Bronchoscopy. Prog Respir Res. Basel: Karger, 2000; 30:108-119.

Ernst A, Gerard A, Silvestri GA, et al. Interventional pulmonary procedures guidelines from
the American College of Chest Physicians. Chest 2003; 123:1693-1717.



24

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.
47.

48.

49.

50.

51.

52.

53.

Bolliger

Bolliger CT, Sutedja TG, Strausz J, et al. Therapeutic bronchoscopy with immediate effect:
laser, electrocautery, argon plasma coagulation and stents. Eur Respir J 2006; 27:1258-1271.
Mehta AC, Lee FY, Cordasco EM, et al. Concentric tracheal and subglottic stenosis. Man-
agement using the Nd:YAG laser for mucosal sparing followed by gentle balloon dilatation.
Chest 1993; 104:673-677.

Lee P, Kupeli E, Mehta AC. Therapeutic bronchoscopy in lung cancer. Laser therapy,
electrocautery, brachytherapy, stents, and photodynamic therapy. Clin Chest Med 2002; 23:
241-256.

Laforet EG, Berger RL, Vaughan CW: carcinoma obstructing the trachea. Treatment by laser
resection. N Engl J Med 1976; 294:941.

Toty L, Personne C, Colchen A, et al. Bronchoscopic management of tracheal lesions using
Nd:YAG laser. Thorax 1981; 36:175-178.

Studer W, Bolliger CT, Biro P. Anesthesia for interventional bronchoscopy. In: Bolliger CT,
Mathur PN, eds. Interventional Bronchoscopy. Prog Respir Res. Basel: Karger, 2000; 30:44-54.
Cortese DA. Rigid versus flexible bronchoscope in laser bronchoscopy. J Bronchol 1994;
1:72-175.

Barlow DE. Endoscopic applications of electrosurgery: a review of basic principles. Gas-
trointest Endosc 1982; 14:61-63.

Grund KE, Storek D, Farin G. Endoscopic argon plasma coagulation (APC) first clinical
experiences in flexible endoscopy. Endosc Surg Allied Technol 1994; 2:42-46.

van Boxem TJ, Westerga J, Venmans BJ, et al. Tissue effects of bronchoscopic electrocautery:
bronchoscopic appearance and histologic changes of bronchial wall after electrocautery. Chest
2000; 117:887-891.

Fenton JL, Beamis JF. Laser bronchoscopy. In: Beamis JF, Mathur PN, eds. Interventional
Pulmonology. New York: McGrwa-Hill, 1999:43-67.

Hooper RG, Jackson FN. Endobronchial electrocautery. Chest 1985; 87:712-714.

Hooper RG. Electrocautery in endobronchial therapy. A letter to the editor. Chest 2000;
117:1820.

Reichle G, Freitag L, Kullmann HJ, et al. Argon plasma coagulation in bronchology: a new
method—alternative or complementary? Pneumologie 2000; 54:508-516.

Morice RC, Ece T, Ece F, et al. Endobronchial argon plasma coagulation for treatment of
hemoptysis and neoplastic airway obstruction. Chest 2001; 119:781-787.

Kennedy DW, Kennedy EM. Endoscopic sinus surgery. AORN J 1985; 42(6):932-936.
Reed AL, Flint R. Emerging role of powered instrumentation in airway surgery. Curr Opin
Otolaryngol Head Neck Surg 2001; 9:387-392.

Simoni P, Peters GE, Magnuson JS, et al. Use of the endoscopic microdebrider in the man-
agement of airway obstruction from laryngotracheal carcinoma. Ann Otol Rhinol Laryngol
2003; 112:11-13.

Kennedy MP, Morice RC, Jimenez CA, et al. Treatment of bronchial airway obstruction
using a rotating tip microdebrider: a case report. J Cardiothorac Surg 2007; 2:16.

Lunn W, Garland R, Ashiku S, et al. Microdebrider bronchoscopy: a new tool for the
interventional bronchoscopist. Ann Thorac Surg 2005; 80:1485-1488.

Lunn W, Bagherzadegan N, Munjampalli S, et al. Initial experience with a rotating airway
microdebrider. J Bronch 2008; 15(2):91-94.

Lunn W, Ernst A. The microdebrider allows for rapid removal of obstructing airway lesions.
Available at: http://www.CTSNet.org.

Wahidi MM, Herth FJF, Ernst A. State of the art. Interventional pulmonology. Chest 2007;
131:261-274.



3

Update on Cryotherapy, Brachytherapy,
and Photodynamic Therapy

TIM LAHM and FRANCIS D. SHESKI
Indiana University School of Medicine, Indianapolis, Indiana, U.S.A.

l. Introduction

While the use of laser therapy, electrocautery, or argon plasma coagulation in patients
with endobronchial lesions leads to immediate tissue destruction, cryotherapy, photo-
dynamic therapy (PDT), and brachytherapy often demonstrate a delayed onset. There-
fore, the latter techniques are generally limited to situations in which rapid tissue
destruction and rapid symptom relief are not crucial. Each modality has unique char-
acteristics, indications, and clinical advantages, as reflected in recent evidence-based
clinical practice guidelines of the American College of Chest Physicians, which support
cryotherapy, brachytherapy, and PDT as treatment options for patients with superficial
non-small cell lung cancer (NSCLC), who are not surgical candidates (1). In many
situations, these methods are complementary. A common requirement is that the
pathology be endobronchial. It is the purpose of this chapter to discuss the history,
scientific background, practical and technical aspects, indications, and potential com-
plications of each of these three modalities.

Il. Cryotherapy
Endobronchial cryotherapy (ECT) refers to the application of cold to destroy tissue via
repetitive freeze-thaw cycles.

A. History
In 1845, James Arnott published the first report of “cold” for the treatment of malig-
nancy, using it to treat uterine cancer (2). Gage was the first to report the use of
cryotherapy for endobronchial lesions, applying this in 1968 via rigid bronchoscopy (3).
Initially, the technique received little attention, but over the next 25 years, several
studies were published on ECT for either malignant or benign conditions, and cry-
otherapy through a rigid bronchoscope became widespread in Europe (4-8). The
development of a flexible cryoprobe in 1994 (ERBE-USA, Inc., Marietta, Georgia, U.S.)
allowed for the use of ECT via a flexible bronchoscope, making the technique popular in
North America. In 1996, Mathur et al. published the initial report in the United States,
detailing the use of the technique via flexible bronchoscopy mainly for palliative
treatment in patients with malignancy (9). Today, ECT via a flexible bronchoscope is
commonly used in a variety of settings. Current studies investigate the potential for
synergistic effects between ECT and chemotherapy in the treatment of NSCLC (10,11).

25
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B. Scientific Basis
Cryotherapy damages and destroys cells through multiple mechanisms (12). Contact
between the cryoprobe and tissue leads to an immediate adherence between the surfaces.
This phenomenon allows removal of blood clots, mucous plugs, or foreign bodies, as
described later in this chapter. When the temperature drops further, molecular processes
in the cell slow and ultimately stop. At tissue temperatures of —15°C to —40°C or
colder, intracellular dehydration occurs, intracellular and extracellular ice crystals form,
intracellular pH and tonicity change, and venous and capillary blood flow cease. In
addition, vasoconstriction of arterioles and venules as well as increases in capillary
permeability and formation of platelet aggregates are observed. These processes result in
thrombosis, ischemia, and cell death. The vascular effects explain the hemostatic effects
of cryotherapy. The effects of cryotherapy on cell death are dependent on freezing time,
thawing time, lowest temperature achieved, and number of freeze-thaw cycles (13-15).
Freezing and thawing times play a central role in this process. When tissue is cooled,
extracellular ice crystals form, while the intracellular matrix remains liquid (16). When
tissue is cooled slowly, the dehydration results in an intracellular increase in solute
concentration that prevents intracellular freezing. However, with rapid cooling, water
does not have time to pass the membrane and intracellular ice crystals form. Because of
the extremely destructive nature of this process, damage of mitochondria, endoplasmatic
reticulum, and other intracellular structures occurs, eventually resulting in complete
crystallization of the cell. Slow thawing, in contrast to rapid thawing, fosters intra-
cellular crystallization (17). Therefore, cryotherapy is most destructive to tissue when
cells are frozen rapidly and thawed slowly. The vascular effects occur 6 to 12 hours after
the physical insult, thereby completing cell destruction via local infarction. Around the
area of the cryoprobe, cell death occurs through necrosis (18). Tissue destruction more
peripherally is heterogeneous and occurs mainly through apoptosis (18). In a study by
Homasson et al. (18), necrosis was found near the cryoprobe impact site and was
maximal two hours after treatment, with a second peak being observed after four days.
Around this central necrosis, apoptotic cells were found and apoptosis was maximal
after eight hours. In contrast to ECT, chemotherapy induced apoptosis in a fewer number
of cells, and this effect was time independent.

The above-mentioned processes result in an area of tissue destruction with a
diameter of approximately 1 cm when a 3-mm-diameter probe is used (18). Cytotoxicity
occurs to a depth of 3 to 5 mm. One to two weeks after the procedure, nonhemorrhagic
tissue necrosis will occur. Poorly vascularized tissues, such as cartilage or fat, are cry-
oresistant. This minimizes the risk of bronchial perforation or scarring with fibrosis and
stenosis, contributing to procedure safety (5,12). In contrast, highly vascularized tissues,
such as malignant tumors or granulation tissue, are particularly susceptible to cryotherapy
(19,20). The cytotoxic effects are most pronounced in proximity to the cryoprobe, and
they are characterized by a delayed onset that is completed by a late hemostatic effect.

C. Technical Aspects
Two types of cryogens exist: liquid nitrogen and nitrous oxide. While the former is very
potent, its use is limited by inconvenience in handling and by unavailability in the
United States. With both agents, cooling occurs by the sudden expansion of a gas from a
high to a low pressure (Joule-Thomson principle). As mentioned previously, both rigid
and flexible cryoprobes are available, and choice depends on personal preference and
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Figure 1 Equipment used at our institution for endobronchial therapy. (A) ERBOCRYO®CA
cryotherapy unit (ERBE-USA, Inc., Marietta, Georgia, U.S.). Only nitrous oxide—driven cryop-
robes are available in the United States. The unit uses the Joule-Thomson principle where pres-
surized gas expands through a fine orifice producing a rapid drop in temperature, thereby freezing
the probe tip and the surrounding tissue. (B) Control unit, which can be combined with either rigid
or flexible cryoprobes (C, D). The rigid probe requires rigid bronchoscopy.

institutional infrastructure. Rigid cryoprobes have a 3-mm contact area and the advan-
tage of a footpad or a trigger on the handle that allows for immediate and active thawing
after cooling. These probes require rigid bronchoscopy. In contrast, with the flexible
cryoprobe, thawing is a passive process, resulting in a longer freezing and thawing cycle
as compared to the rigid probe. However, with a diameter of <3 mm, flexible probes can
be used through a flexible bronchoscope, eliminating the need for rigid bronchoscopy
and general anesthesia (9). Recently, reinforced cryoprobes were developed that allow
for the removal of tumor pieces after the adherence phase (21). Only the tip of the probe
causes freezing, the rest of the device is insulated. In contrast to laser with its associated
risk of airway fire, high oxygen concentrations can be used during ECT (Fig. 1).
With both rigid and flexible probes, the cryoprobe is advanced through the
working channel of the bronchoscope and then either pushed into protruding tissue or
applied laterally onto more infiltrative or superficial tissue. In general, three cycles of
freezing and thawing are performed at each location. Each freezing period lasts about 30
to 60 seconds. Thawing occurs through body heat and takes 30 to 60 seconds. After three
cycles, the tip of the cryoprobe is advanced to an adjacent part of the tumor or granu-
lation tissue. While a treated area is about 10 mm in size, the adjacent impact of the
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Figure 2 Autofluorescence (A) and white light images (B) of lung cancer occurrence at the site of
a previous right upper lobe resection. The autofluorescence images demonstrate marked hetero-
geneity and discoloration indicating atypical tissue, while the white light images only reveal non-
specific inflammatory changes. This is also an example of a tumor possibly suitable for cryotherapy,
brachytherapy, or photodynamic therapy in case the patient is a poor surgical candidate.

probe should be made about 5 mm from the first impact so that the frozen areas overlap.
In case of malignancy, it is crucial to cover the entire surface of the tumor. Often, 30 or
more cycles are required. If early stages of lung cancer are treated, autofluorescence
bronchoscopy may provide important information regarding the borders of the lesion
(22) (Fig. 2). If autofluorescence is unavailable, a margin of 5 mm around the visible
borders of the lesion should be treated. Interestingly, immediately after treatment is
complete, the tissue usually appears undamaged. For the reasons outlined above, the
occurrence of tissue death is delayed. Approximately one week after the ECT session,
necrotic sloughed tissue either is spontaneously removed by expectoration or needs to be
removed by bronchoscopy. In general, when ECT alone is used for lung cancer, a second
session is needed to treat residual tumor.

D. Indications
Because of the delayed onset of effects, ECT is only indicated for situations where
immediate relief of airway obstruction is not required. However, the cryoadherence that
is generated when the probe comes in contact with biologic tissue can be used to
facilitate removal of clots, mucus plugs, or foreign bodies such as food, pills, or peanuts.
This is of particular importance when other devices (like forceps) are not capable of
grasping extremely soft and pliable tissues such as clots, mucus plugs, or food. Recently,
the successful removal of a broncholith using ECT during flexible bronchoscopy has
been reported (23). On the other hand, the method is less efficient for teeth, bone, or
metallic foreign bodies (12). In addition, after rapid tumor debulking has been achieved
by using the tip of a rigid bronchoscope, electrocautery, or laser, ECT can be used in the
same session in order to treat any remaining or infiltrating tumor. Cryotherapy is highly
effective for cellular and well-vascularized tissues, such as bronchial carcinomas, car-
cinoids, adenoid cystic carcinomas, or granulation tissue (Fig. 3) (24). The technique has
also been successfully used for endobronchial metastases (25). In lung cancers ECT is
successful in approximately 75%, regardless of the cell type or the endoluminal aspect
(6,7,12,19). Furthermore, the vascular effects of the method make it effective for tumor-
related hemoptysis. The characteristics of ECT also make it a safe and effective tech-
nique for the treatment of carcinomas in situ or microinvasive tumors. In a French study
of 35 patients with early superficial bronchogenic carcinoma treated with this method,
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Figure 3 Endobronchial cryotherapy for removal of granulation tissue at the distal end of a
Y-stent. In a step-wise fashion using several freeze-thaw cycles (A-D), the obstructing granulation
tissue is removed, allowing for significant improvement in dyspnea and respiratory mechanics.

the complete response rate after one year was 91% (26). Fifty percent of patients were
long-term survivors (follow-up >4 years) (26). A recurrence rate of 28% within four
years was reported, and a long-term response of 63% was achieved. Some authors also
use the technique for the removal of residual stalks of resected tumors (12,27). Since
collagen-rich tissue, scar tissue, and poorly cellular tumors are not cryosensitive, ECT
alone is not indicated for benign tracheobronchial strictures, fibromas, lipomas, or
postintubation stenoses (12,28). In addition, this method is not indicated in situations
with extrinsic compression of the airways. Recent data suggest a synergistic effect when
ECT is combined with other treatment modalities such as chemotherapy or radiation
therapy. While promising results have been reported in both animals and humans
(7,11,29,30), large randomized trials are needed to confirm these data.

E. Complications
As compared to other methods, ECT is a safe and predictable method that is not
associated with the risk of airway perforation, tracheobronchomalacia, or residual
stenosis. The most commonly observed side effects are fever and sloughing of necrotic
tissue. The fever is usually self-limiting and because of an inflammatory response
induced by cell death and subsequent cytokine release. If bothersome, the fever can be
treated with antipyretics. Sloughing of necrotic airway tissue can be excessive and result
in cough, dyspnea, and even airway obstruction. To prevent this complication, flexible
bronchoscopy for pulmonary toilet is recommended 8 to 10 days after the procedure.
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Rare complications include fatal hemoptysis, tracheoesophageal fistulas, cardiopulmo-
nary arrest, pneumothorax, bronchospasm, cardiac arrhythmias, and exacerbation of
cold-agglutinin anemia (7,9,30).

lll. Brachytherapy
Endobronchial brachytherapy (EBT) describes the process of local irradiation via
placement of radioactive material within or close to an endoluminal or peribronchial
tumor. The radioactive source usually is iridium-192 (Ir-192). The technique is usually
applied as high dose rate (HDR) brachytherapy.

A. History

After having gained experience with radioactive implants in gynecologic oncology,
radium capsules were used endobronchially in 1922 by Yankauer (31). Initially, the
radioactive source was instilled directly into the tumor, but this was associated with high
irradiation exposure to medical personnel. In the 1950s and 1960s, Henschke introduced
modern afterloading techniques (32,33), thereby allowing for the widespread use of the
technique. The procedure was initially performed using rigid bronchoscopy and general
anesthesia. The use of a plastic catheter with the flexible bronchoscope was reported two
decades later (34,35). The use of Ir-192 evolved around the same time (34). The small
size of the iridium source and its high activity allowed for fast, highly active treatment
via a hollow guidance catheter and the flexible bronchoscope. As a result, low and
intermediate dose rate brachytherapy, which were used initially, were soon replaced by
HDR brachytherapy in the 1980s (36,37). The introduction of automated and computer-
controlled steering devices has further advanced the field. Brachytherapy has mainly
been used for palliative purposes in cases of hemoptysis, cough, or dyspnea caused by
malignancy. In the case of NSCLC, the method is usually employed in patients who
have failed or are not candidates for other forms of therapy, such as surgery or external
beam irradiation. However, in recent years, the use of EBT alone or in combination with
other modalities has emerged as a treatment option for early stage lung cancer.

B. Scientific Basis

The basic principle of EBT is the delivery of therapeutic irradiation to malignant tissue,
while minimizing injury to the normal airway. The irradiation effect decreases from the
source inversely proportional to the radius of the airway lumen. As a result, a high
irradiation dose can be achieved at the center of the irradiation source, with a rapid
decrease towards the periphery (Fig. 4). While this aspect limits the area that can be
treated, it also limits toxicity. The effects of irradiation are single-chain breaks in the
DNA of irradiated cells, resulting in apoptosis and decreased cell proliferation. As a
consequence, the effects of EBT are delayed, and the maximum histological and visible
changes are usually present after three weeks. This explains why EBT is often used as a
stabilizing measure in conjunction with fast-acting debulking techniques such as Nd:
YAG laser therapy. Malignant tissue is clearly more susceptible to the effects of irra-
diation than nonmalignant tissue (38,39).

C. Technical Aspects
To perform EBT, a flexible polyethylene catheter (usually 2-3 mm in diameter) is
placed adjacent to and beyond the malignancy using flexible bronchoscopy so that the
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Figure 4 Brachytherapy planning and treatment. A set of radiographs is obtained to verify correct
placement of the afterloading catheter within the tumor and determine the required irradiation
length (A, B). The dose distribution is generated by specifying the dwell positions to be used along
the catheter and importing this information into the brachytherapy planning software. The dwell
time of the HDR source at each position is optimized to create a uniform dose distribution (C). The
treatment dose is usually described as 1 cm from the middle of the source axis. The plan is then
transferred to the Nucletron HDR unit and the patient’s catheter is connected to the unit (D).
Source: Images courtesy of Achilles J. Fakiris, MD.

irradiation can be delivered close to the tumor. Thus, complete airway obstruction must
not be present. However, initial debulking with other bronchoscopic methods may allow
for the subsequent application of EBT. If laser is used for debulking, a three-day interval
is recommended before EBT is initiated, even though this recommendation has been
questioned (12,40,41). Under bronchoscopic and fluoroscopic guidance, the catheter is
advanced over a guidewire. Both the bronchoscope and guidewire are then removed,
leaving the catheter in place. A radiopaque “dummy” insert with marker pellets is then
placed into the catheter to simulate the pathway of the radiation source. After proper
placement is confirmed fluoroscopically, the system is fastened externally to the patient.
The radiation oncologist determines the irradiation dosing using radiographic and
bronchoscopic visualization of tumor load and location (Fig. 4). As mentioned pre-
viously, HDR using Ir-192 is the usual delivery mode. The dose is described as 1 cm
from the source (42). Centering devices such as balloons, cages, or sheaths can be used
to keep the irradiation source in the center of the airway lumen and avoid dose inho-
mogeneity (43). Total dose and fractionation vary from institution to institution. The
procedure is performed in a shielded room, and the irradiation is delivered automatically
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by an afterloader, thereby limiting exposure to medical personnel. The irradiation source
is advanced to the desired position and is then drawn backward at 5-mm intervals. It
remains in each position as long as needed to deliver the computed dose. Source position
and dwelling time can thus be varied, achieving individual computer-assisted dose
distribution. A 1-cm safety margin should be applied at each end of the tumor. Irradi-
ation length is defined as the length between the first and the last dwell point of the
Ir-192 (in case of HDR brachytherapy). HDR brachytherapy with Ir-192 employs
delivering a 3- to 10-Gy fraction over several minutes. This fraction is repeated every
one to two weeks for a total of two to four sessions. Only one controlled, randomized
study evaluated dose rate, overall irradiation dose, fractionation, and localization of the
afterloading catheter (44). Two regimens with a similar total irradiation dose of 15 Gy
but different doses per fraction (four fractions of 3.8 Gy per week vs. two fractions of
7.2 Gy three weeks apart) did not find any differences in survival time (19 weeks), local
control time, or complication rates. Fatal hemorrhage occurred in 21% of patients. The
procedure is usually performed on an outpatient basis. Since the maximal effect is
appreciated after about three weeks, a repeat bronchoscopy three to six weeks after
completion of treatment is usually performed.

D. Indications
The major advantage of EBT is its longer lasting effect and greater tissue penetration as
compared to other endobronchial antineoplastic therapies. Brachytherapy also destroys
tissue outside the bronchial wall and behind cartilage tissue. With HDR brachytherapy, a
high irradiation dose can be applied over a short period, while minimizing damage to the
surrounding airway and lung parenchyma. As a consequence, EBT is an elegant method
for long-lasting destruction of tumor tissue inside and outside the bronchial wall.
However, imminent and significant endotracheal or endobronchial obstruction must not
be present. Initial debulking with faster acting methods is indicated in these cases. In
addition, the presence of fistulas between bronchi and surrounding structures represent
contraindications as well.

Similar to cryotherapy and PDT, EBT can be used with curative or palliative
intent. In most cases, EBT is performed for palliation of dyspnea, hemoptysis, or cough
in patients with malignancy and poor performance status. The technique can also be used
in patients who have received their maximal dose of external beam radiation therapy
(EBRT). Success rates vary between 53% and 95% (12,45,46). Hemoptysis and endo-
bronchial obstruction seem to be most responsive, while dyspnea, cough, and pain are
less so. In most patients, the palliative effects seem to be sustained (41,47-52), and
limited data suggest a survival benefit in selected cases (53,54). In the curative setting,
EBT is indicated for microscopically positive resection margins after surgery, as an
adjunct to EBRT, and for early lung cancer. Brachytherapy has been used in conjunction
with EBRT to reduce the volume of irradiated lung parenchyma and improve local
control (48,49,54-57). EBT can reduce the irradiation of normal tissues by 32% (58),
thereby attenuating the amount of radiation fibrosis. While a survival benefit of com-
bination therapy with EBT and EBRT has not been clearly demonstrated, evidence exists
that local control can be improved when the two methods are combined (57). Recently,
the successful use of navigated brachytherapy with an electromagnetic navigation sys-
tem was reported in a patient with medically inoperable NSCLC of the peripheral right
upper lobe that was not amenable to conventional bronchoscopy (59).
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Brachytherapy in early lung cancer has been used for patients who were not
surgical candidates, had recurrence after surgery or EBRT, or were in conjunction
with other treatment modalities such as chemotherapy, laser, or cryotherapy. Radio-
sensitization may occur when used in conjunction with systemic chemotherapy (60).
Unfortunately, a clear definition of “early stage” lung cancer (dysplasia vs. carcinoma in
situ vs. microinvasive carcinoma) is lacking in most publications, and no randomized,
controlled comparison studies exist to date. The current literature suggests that HDR,
either alone or in combination with EBRT, seems to be a treatment option with good
results and low morbidity (51,55,61-68). The deeper tissue penetration makes this
method an attractive modality, but further investigation in form of randomized, pro-
spective trials is needed before definitive recommendations can be made.

HDR-EBT in nonmalignant cases has mainly been used for the treatment of
granulation tissue around stents or airway anastomoses after lung transplantation (69-73).
Tendulkar et al. (71) recently reported eight patients with refractory benign airway
obstruction that were treated with HDR-EBT. Six patients had a good or excellent sub-
jective early response, but only one patient maintained this response beyond six months.
HDR-EBT increased mean FEV,; and allowed for a decrease in the mean number of
bronchoscopic interventions. Five patients died from causes related to their chronic pul-
monary disease, including one death from hemoptysis resulting from a bronchoarterial
fistula. The authors suggested that performing HDR-EBT within 24 to 48 hours after
excision of obstructive granulation tissue might further improve outcomes. In a series of
five refractory patients with significant airway compromise from recurrent granulation
tissue treated with HDR-EBT, all patients experienced a reduction in the number of
therapeutic bronchoscopic procedures after HDR brachytherapy compared with the pre-
treatment period (72). With the exception of possible radiation-induced bronchitis in
one patient, no other treatment-related complications were reported. Optimal timing, dose
fractionation, and candidate selection have not yet been defined.

E. Complications
Two serious complications of EBT are massive hemoptysis and fistula formation. Fatal
hemoptysis rates of 0% to 42% have been reported, with an overall incidence of 10%
(4,12,46,52,57,74). However, most studies were neither prospective nor randomized, and
different selection criteria have been applied. It is also unclear what percentage of
hemoptysis is because of tumor infiltration of blood vessels versus direct irradiation
effects. It has been postulated that the increase in bleeding correlates with a longer
survival time as a result of EBT rather than with the treatment itself (12). Squamous cell
carcinoma and tumor localization in the main stem or upper lobe represent risk factors
for hemoptysis (66,75,76). Whether prior EBRT or the combination of EBT and EBRT
are risk factors has not been clearly defined. In contrast, irradiation in vicinity of major
blood vessels and an increase in the dose per fraction over 10 Gy clearly increase the
bleeding risk (77,78). The incidence of fistula formation is comparable to that of
hemoptysis, and the same concerns with regard to study quality and selection criteria
hold true.

Similar to EBRT, radiation bronchitis and stenosis may occur weeks to months
after treatment. The usual symptoms are cough and wheezing. Concurrent EBRT,
radiation with curative intent, large cell lung cancer, and prior laser resection represent
risk factors (47). Bronchial stenosis has been reported to occur in 10% of patients (79).
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Treatment of radiation bronchitis consists of inhaled corticosteroids, while radiation
stenosis is treated with balloon dilatation, laser resection, and/or stenting.

Acute complications at the time of the procedure include cough, bronchospasm,
bronchorrhea, and pneumothorax or pleuritic chest pain because of catheter placement.
However, the incidence of these complications is similar to that of regular bronchoscopy
(12). Patients with poor performance status and preexisting respiratory compromise are
at higher risk for periprocedural complications.

IV. Photodynamic Therapy
Photodynamic therapy (PDT) refers to tissue destruction that relies on the excitation of a
chemical photosensitizer by an appropriate light, whose wavelength matches the absorption
band of this substance. In the presence of oxygen, this process results in a photodynamic
reaction that leads to cell necrosis via the generation of reactive oxygen species.

A. History

The therapeutic effects of sunlight and light-activated chemical substances have been
recognized for several centuries (12). The scientific basis of modern phototherapy stems
from the work of Finsen in the early 20th century (80). The first case of clinical PDT
was published by Lipson et al. in 1966 (81), reporting a patient with a recurrent
ulcerating breast tumor that was treated by injection of a hematoporphyrin derivate
followed by exposure to a filtered xenon arc lamp. In the 1970s, several investigators
studied the photodynamic effects of various chemicals and their corresponding acti-
vating light. Hematoporphyrin derivative and light in the red spectrum evolved as the
most suitable combination (82,83). Dougherty et al. (84) advanced the field by dem-
onstrating that systemic administration of hematoporphyrin derivate followed by
exposure to red light from a xenon arc lamp can eradicate transplanted murine mammary
tumor material without causing significant damage to the surrounding healthy tissue.
This group also demonstrated the effectiveness of PDT in a variety of malignancies in
clinical trials (82,84,85). The era of bronchoscopic PDT began in 1982 in Tokyo, where
Hayata et al. applied this technique to treat a patient with early lung cancer that refused
surgical treatment (86). PDT resulted in complete eradication of the tumor. Interestingly,
the patient died four years later from non-cancer-related causes (87). Because of its high
incidence, advanced stage at the time of diagnosis, and high rate of unresectable tumors,
lung cancer was one of the first cancers addressed in clinical PDT trials (88-91).

B. Scientific Basis

The basis of PDT rests in the preferential retention of a photosensitizing agent by
malignant or premalignant tissue. As mentioned above, PDT destroys tissue through
excitation of this photosensitizer by an appropriate light. The resulting photodynamic
reaction is dependent on the presence of oxygen, leading to the generation of reactive
oxygen species and subsequent cytotoxicity and cell death. In addition, vascular and
ischemic effects seem to play a role as well. The photodynamic process also leads to an
inflammatory response with complement activation and red cell extravasation, thereby
promoting further tissue damage (92-94). In addition to direct effects on cellular
mechanisms, cytotoxicity is also mediated by effects on the extracellular milieu. Similar
to cryotherapy, cell death results from necrosis as well as apoptosis.
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C. Technical Aspects
The process of bronchoscopic PDT consists of two stages: photosensitization and illu-
mination. The photosensitization stage is achieved by the intravenous administration of a
photosensitizer to the patient. Hematoporphyrin derivative, which was used initially,
was later replaced by purified and manipulated derivates. At the present time, porfimer
sodium (Photofrin®™, Axcan Pharma, Birmingham, Alabama, U.S.) is the most com-
monly used photosensitizer. The agent has a long-standing safety record (91,95-97). The
recommended dose is 2 mg/kg body weight. However, the drug is not entirely selective,
and indiscriminate illumination can potentially lead to collateral damage to adjacent
areas with edema or inflammation. Other photosensitizers (such as chlorin-based agents)
have been developed in the interim. Recent literature suggests excellent antitumor
effects and safety of the second-generation photosensitizer mono-L-aspartyl chlorin e6
(NPe6) (98,99). Inhaled photosensitizers such as 5-aminolevulinic acid (5-ALA) have
been studied as well, but their use is limited by a high false-positive rate (100).

During illumination, the presensitized tumor is exposed to a light of a specific
matching wavelength. This exposure results in necrosis of tumor tissue. Two different
illumination techniques exist: in interstitial illumination, light exposure is from within
the tumor, while in surface illumination, exposure is over the surface of the tumor. The
actual depth of light penetration is rather unpredictable, but is thought to be <1 cm
(101). As a consequence, PDT is most effective for local and superficial disease.

The light that activates porphyrin-based sensitizers such as porfimer sodium has a
wavelength of 630 nm (red region of the spectrum). Several sources are available to
deliver the red light. These include argon/dye or metal vapor lasers. More recently,
diode lasers have been used (Fig. 5) (12,102). Diode lasers for other photosensitizers are
available as well. The light generated and emitted by the laser is delivered to the

Figure 5 Laser system and cylindrical diffusing tip used for photodynamic therapy. The figure
shows a Diomed 630 PDT system (DIOMED Inc., Andover, Massachusetts, U.S.), which is used in
conjunction with porfimer sodium (Photofrin™) (A). The diode laser provides up to 2000 mW of
630-nm continuous wave laser radiation to the tip of a flexible delivery fiber optic. The optical
diffuser fiber (Optiguide™ DCYL 210, DIOMED Inc.) (B, C) is a light delivery system consisting
of a 400-pm core silica optical fiber, a proximal SMA-type connector (*), and a distal light
diffusing tip (C). The fiber is designed to distribute light energy uniformly over the specified length
of the diffuser tip.



36 Lahm and Sheski

endobronchial tumor by optical fibers with either a cylindrical diffusing tip or a
microlens. The former distributes light circumferentially and can be used for interstitial
treatment when the diffusing tip is placed within the tumor mass. The microlens emits
forward-firing light and is used for surface application to treat superficial growth. The
light dose at its point of delivery usually ranges from 200 to 400 J/cm of lesion (94). The
optical fiber is introduced through the biopsy channel of the flexible bronchoscope. This
can be done with or without previous insertion of a rigid bronchoscope. If a rigid
bronchoscope is used, the procedure requires general anesthesia. Obviously, the tech-
nique using rigid bronchoscopy is associated with the usual general anesthesia risks.
However, advantages are patient comfort, ease of operation, stability of the position of
the optical fiber, better airway clearance, and improved ability to handle complications.
As a consequence, most authors use the rigid technique for advanced disease or endo-
bronchial obstruction involving the major airways, while the flexible approach is pre-
ferred for early and superficial lesions (12,91). The PDT unit and the cylindrical
diffusing tip used at our institution are depicted in Figure 5.

Prior to performing PDT, it is crucial to examine the entire airway to evaluate for
the presence of synchronous malignant lesions. Some authors use autofluorescence to
better delineate the tumor and its extent (Fig. 2). This technique may also facilitate the
detection of synchronous lesions that may otherwise be missed with white light bron-
choscopy (103). After intravenous administration of the photosensitizer, several days are
allowed for absorption and retention of the agent within the malignant tissue. The
duration of this latent period is largely dependent on the type of photosensitizer used.
For porfimer sodium, this is typically 48 to 72 hours. During this period, the photo-
sensitizer is being washed out of normal tissue, while it is retained in the tumor. After
the latent period, illumination is carried out. Exposure times range from 5 to 30 minutes.
Interestingly, neither exposure time nor light dose has been exactly determined. After
PDT, the airway may need to be cleared of secretions and debris. This step may have to
be repeated a few days later, especially in the case of large endoluminal tumors. In case
of extensive debris or secretions, rigid bronchoscopy may be most effective for airway
clearance. At this point, the airway may also be reevaluated for the presence of residual
tumor. If areas of residual tumor are present, re-illumination can be performed. How-
ever, this needs to be performed as long as the tissue concentration of the photosensitizer
within the tumor is within the therapeutic window. For porfimer sodium, this is usually
six to seven days. The total number of treatments that one can have is unknown.

D. Indications
PDT is usually performed for histologically confirmed malignant lesions. These may
either be obstructive, endobronchial lesions or early, superficial lesions. In the case of
obstructive lesions, the intent of PDT may be curative or palliative. PDT for cure is
usually performed in patients with technically resectable malignancies, but who are poor
surgical candidates. The most recent evidence comes from Moghissi et al. (104). These
authors demonstrated that bronchoscopic PDT in early central lung cancer can achieve
long disease-free survival and suggested that this technique be considered as a treatment
option in patients ineligible for resection. In addition, the method may be used for
detection and treatment of multifocal and synchronous early endobronchial cancer that is
not amenable to resection (103). Endobronchial metastases—from lung cancer or other
cancer types for that matter—may be amenable to PDT as well. It should be noted that
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the detection rate of early or synchronous endobronchial cancer can be improved by the
use of autofluorescence bronchoscopy and/or endobronchial ultrasonography (99,103—
108). Several authors have demonstrated that PDT can mediate long-term survival in
patients with early superficial lung cancer. At Tokyo Medical University, where there
is ample experience with the use of bronchoscopic PDT in early lung cancer, a 60%
five-year survival rate and a more than 90% cancer-specific survival rate have been
demonstrated (87,109). Similar results were reported in a literature review of a total of
650 patients undergoing PDT for early lung cancer (91). Multiple publications
(90,95,101,110-115) describe the treatment of early NSCLC with PDT. Although these
studies vary with regard to power, energy, and exposure times, as well as the definition
of “early” lung cancer, current literature supports the role of PDT for lung cancer that is
relatively noninvasive (<1 c¢m), limited in surface area, not bulky, and accessible by the
bronchoscope. Taken together, the data to date indicate that patients with early lung
cancer treated with PDT achieve a complete response in approximately 75% cases. The
recurrence rate is approximately 30%. Complete response rates >90% can be achieved
when lesions are <1 cm in diameter, superficial, and when all margins can be visualized.
Not surprisingly, success rates decrease with an increase in lesion size, especially if it is
>1 cm (116). Local recurrence at the same site is thought to be caused by residual tumor
cells from deep layers, because of inadequate light penetration.

If PDT is performed with the goal of palliation, patients are usually symptomatic
with dyspnea, cough, and/or hemoptysis. As with any other endobronchial technique,
PDT should only be pursued if the symptoms are expected to improve after the
intervention.

All histological types of lung cancer, including small cell lung cancer, are PDT
sensitive (91,95,96). Previous surgeries, chemotherapy, or radiation therapy, as well as
other previous bronchoscopic interventions, do not represent exclusion criteria. Survival
after PDT is usually related to the stage of the disease. Two subsets of patients have been
demonstrated to experience a survival benefit. These include patients with a good
performance status as defined above and patients without extrathoracic metastases (96).
Interestingly, the histology of the tumor does not seem to influence survival. PDT has
also been successfully used in conjunction with other treatment modalities. The con-
comitant use with chemotherapy as well as the use of PDT after chemotherapy/
radiotherapy has been reported (87,96,108). Furthermore, PDT is an elegant method of
treating patients with advanced central NSCLC suffering from tumor recurrence after
chemoradiation. It should also be noted that PDT has been successfully applied to
patients with lesions that were unresponsive to chemotherapy or radiation therapy (96).

PDT for nonmalignant airway pathology is not well described.

E. Complications

Recent publications (12,91,96) have demonstrated the safety of PDT. The procedure in
and of itself is not associated with any reported mortality. The 30-day mortality has been
reported to be <1%. The most common adverse effects include skin burns (4-41%),
hemorrhage/hemoptysis (0-2.3%), and respiratory complications (5-29%). Photo-
sensitivity-induced skin burns are by far the most common adverse effect and can be
substantial. However, with counseling and precautionary measures, skin burn rates of
only 4% to 5% have been demonstrated (12). Precautionary measures should be
undertaken for four to six weeks.
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Table 1 Indications and Complications for Endobronchial Cryotherapy, Brachytherapy, and
Photodynamic Therapy

Photodynamic
Cryotherapy Brachytherapy therapy
Malignancy/tumor®
Urgent relief of life- — - -
threatening symptoms
Nonurgent relief of + + +
symptoms
Non-massive hemoptysis® =+ + +
Curative treatment of + + ++
early-stage NSCLC
Removal of foreign body, + - -
clot, mucous plugs
Granulation tissue + (+?) -
Selected complications Fever, tissue slough,  Hemoptysis, fistula, Skin burn,
hemoptysis stenosis, bronchitis hemoptysis,

tissue slough

“Role of brachytherapy or photodynamic therapy in treating benign airway tumors is not well described.
"No role for these therapies in treating massive hemoptysis.
Abbreviation: NSCLC, non-small cell lung cancer.

Table 2 Effectiveness of Cryotherapy, Brachytherapy, and Photodynamic Therapy in Treating
Endobronchial Lung Cancer

Photodynamic
Cryotherapy Brachytherapy therapy
Control of nonmassive hemoptysis + ++ +
Symptom relief from obstruction, + + +
non-life threatening
PFT improvement related to + + ++
obstruction
Cure early-stage NSCLC + + ++

Source: Modified from Ref. 12.
Abbreviations: PFT, pulmonary function test; NSCLC, non-small cell lung cancer.

V. Conclusions
ECT, brachytherapy, and photodynamic therapy are fundamentally different modalities
applicable to a variety of malignant or benign conditions. Each method has advantages
and disadvantages. The modalities should be viewed as complementary. Ideally, the
interventional pulmonologist has all modalities available - but this is unrealistic - so he
or she must utilize what is both appropriate and available. Indications, complications,
and effectiveness in lung cancer of the three methods are summarized in Tables 1 and 2.
Additionally, these modalities can be combined with each other, as well as with other
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local or systemic treatments. However, their specific roles in combination regimens
require further investigation in form of randomized, controlled, prospective trials.
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l. Introduction
A stent is a hollow, cylindrical prosthesis that maintains luminal patency and provides
support for a graft or anastomosis. It is named after Charles Stent, a British dentist who
was the first to create dental splints in the nineteenth century. Airway stenting has been
practiced for over a century. Indications for stent placement can be for its barrier effect
by protecting the airway lumen from tumor or granulation tissue ingrowth, for splinting
effect by counterbalancing the extrinsic pressure exerted on the airway, or both (1). The
covering of the stent provides the barrier effect while dynamic and static properties
determine the splinting effect (2).

The first stents were implanted surgically by Trendelenburg (3) and Bond (4) for
the treatment of airway strictures, which quickly progressed to endoscopic application by
Brunings and Albrecht in 1915 (5). In 1965, Montgomery designed a T-tube with an
external side limb made of silicone and rubber for treatment of subglottic stenosis. Since
then, silicone has become the most commonly used material for stents (6). However, the
designs of the silicone stents at that time abolished the innate mucociliary mechanisms
essential to clear the airway of secretions. Thus the real breakthrough in airway stenting
was achieved when Dumon presented a dedicated tracheobronchial prosthesis that could
be introduced with a rigid bronchoscope (7). These straight stents are made up of silicone
with studs on the outer wall that minimize interference to the ciliary action, are relatively
inexpensive, and can be easily removed and exchanged when needed. However, limi-
tations and disadvantages of silicone stents and their counterparts should be appreciated,
of which an important factor is the need for rigid bronchoscopy for placement. On the
basis of a recent ACCP survey, only 5% of pulmonologists in North America are trained
with the procedure of rigid bronchoscopy (8). Moreover, the silicone stent is poorly
tolerated in the subglottis and tends to migrate when deployed to treat for complex
tracheal strictures. These limitations have led to the modification of metal stents origi-
nally developed for the vascular system for use in the tracheobronchial tree (9,10).
Although metal stents are easy to apply with the flexible bronchoscope, they are also
fraught with problems such as tumor or granulation tissue ingrowth around the struts and
epithelialization into the airway wall, which make removal difficult and challenging (10).
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Table 1 Characteristics of an Ideal Stent

Is easy to insert

Is available in different sizes and lengths appropriate to relieve airway obstruction

Reestablishes the luminal patency with minimal morbidity and mortality

Has sufficient expansive strength to resistive compressive forces and elasticity to conform to
airway contours

Maintains luminal patency without causing ischemia or erosion into adjacent structures

Has minimal migration but can be easily removed if necessary

Is made of inert material that will not promote infection or granulation tissue formation

Preserves mucociliary function of the airway for mobilization of secretions

Is affordable

Therefore, the search for an ideal stent, which has all the characteristics men-
tioned in Table 1, has become the holy grail for the interventional pulmonologists,
radiologists, thoracic surgeons, and otolaryngologists involved in the management of
patients with central airway obstruction.

Il. Indications for Airway Stenting
Approximately 30% of patients with lung cancer will present with central airway
obstruction, of which 35% will die as a result of asphyxia, hemoptysis, and post-
obstructive pneumonia (11). Stent placement is a valuable adjunct to other therapeutic
bronchoscopic techniques used to relieve central airway obstruction; the indications are
primarily to reestablish patency of the compressed or stenosed airway, to support
weakened cartilages in tracheobronchomalacia as well as seal tracheobronchial esoph-
ageal fistula (11,12). Although primary tumor resection and airway reconstruction
provide the most reliable treatment option, most central airway obstructions because of
malignancy are advanced at the time of presentation. Therapeutic bronchoscopy coupled
with stent placement not only results in rapid relief of symptoms and improved quality
of life, importantly it also allows time for administration of adjuvant chemoradiotherapy
that might lead to prolonged survival (1,11-14). In fact Chhajed and coworkers have
demonstrated no difference in survival between those with advanced malignancy
receiving palliative chemotherapy but without central airway obstruction (median sur-
vival 8.4 months) compared with others who had airway obstruction treated with laser
(25%), stent (25%), or both (50%) followed by chemotherapy (median survival
8.2 months, p = 0.395). Contrary to previous perception, airway obstruction is not a
poor prognostic sign if treated appropriately (15).

Benign strictures secondary to postintubation injury, and inflammatory and
infectious disease may require stent placement if the patient’s underlying disease or
associated comorbidity prohibits definitive surgical repair. Lung transplant recipients
who develop airway dehiscence in the immediate postoperative period may benefit from
placement of endobronchial stents. The Cleveland Clinic experience of using uncovered
metal stent as an alternative treatment for high-grade anastomotic dehiscence after lung
transplantation in seven patients deemed high risk for a second operation has demon-
strated not only satisfactory airway healing, but also that stent removal is not difficult
if performed within eight weeks of placement before epithelialization with the airway
wall occurs (16). Table 2 details the indications for stent placement.
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Table 2 Indications for Airway Stenting of Malignant and Benign Diseases

Airway obstruction from extrinsic compression or submucosal disease

Obstruction from endobronchial tumor when patency is <50% after bronchoscopic laser therapy
Aggressive endobronchial tumor growth and recurrence despite repetitive laser treatments

Loss of cartilaginous support from tumor destruction

Sequential insertion of airway and esophageal stents for tracheoesophageal fistulas

Benign airway disease
Fibrotic scar or bottleneck Posttraumatic: intubation, tracheostomy, laser, balloon
stricture following: bronchoplasty
Postinfectious: endobronchial tuberculosis, histoplasmosis-
fibrosing mediastinitis, herpesvirus, diphtheria, Klebsiella
rhinoscleroma
Postinflammatory: Wegener’s granulomatosis, sarcoidosis,
inflammatory bowel disease, foreign body aspiration
Post-lung transplantation: anastomotic complications
Tracheobronchomalacia Diffuse: idiopathic, relapsing polychrondritis,
tracheobronchomegaly (Mounier-Kuhn syndrome)
Focal: tracheostomy, radiation therapy, post-lung
transplantation
Benign tumors Papillomatosis
Amyloidosis

Table 3 Characteristics of Tube Stents

Montgomery T-tube Designed for treatment of subglottic and mid-tracheal stenosis
Introduced through a tracheostomy with the side tube protruding through
the stoma; the proximal limb within the stenosis and the distal limb into
the distal trachea

Dumon Silicone tube with external studs to prevent migration, most widely used
silicone stent. Y-shaped and right main bronchus designs are available

Hood Smooth silicone tube with flanges to prevent migration. L- or Y-shaped
designs available

Noppen Screw-thread cylindrical silicone prosthesis, more rigid than regular

silicone tubes. Needs a special introducer, and cannot be folded into an
applicator for bronchoscopic insertion

Dynamic Silicone Y-stent with the anterior and lateral wall reinforced by steel struts
to simulate tracheal wall. Requires special forceps and rigid
laryngoscope

Polyflex Self-expandable stent made of polyester wire mesh with a thin layer of
silicone

Alveolus Hybrid stent that conforms to airway tortuosity without foreshortening
upon deployment. It can be deployed with the rigid or flexible
bronchoscope

lll. Types of Stents
A myriad of stents are available for application in the tracheobronchial tree, and the
biomechanical properties depend on the materials used as well as how they are con-
structed (Tables 3 and 4). They are divided into three groups: (i) made of polymer,
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Table 4 Characteristics of Metallic Stents

Balloon expandable

Strecker Tantalum monofilament knitted into a wire —mesh; most useful in narrow
stenoses

Palmaz Stainless steel tube with rectangular slots along the long axis; may collapse
with strong external pressure, e.g., vigorous cough

Self-expanding

Wallstent Wire mesh made of cobalt-based alloy filaments and coated with silicone;
uncovered metallic ends prevent migration

Ultraflex Cylindrical wire mesh of nitinol, available in covered and uncovered form

which include the Montgomery T-tube, Dumon, Polyflex, Noppen, and Hood stents; (i7)
made of metal (covered or uncovered version) such as Gianturco, Palmaz, and Ultraflex
stents; and (iif) hybrid comprising of Orlowski, Dynamic, and Alveolus stents made of
silicone and reinforced by metal rings (Figs. 1 and 2).

The major advantages of tube stents are that they allow repositioning and removal
without difficulty, and are relatively inexpensive. Disadvantages include stent migration,
granuloma formation, mucus plugging, unfavorable wall to inner diameter thickness,
insufficient flexibility to conform to irregular airways, difficult to position in distal
airways, interference with mucociliary clearance, and need for rigid bronchoscopy for
placement (Table 5). Rigid bronchoscopy expertise to deploy and remove tube stents
poses a major obstacle, limiting their use, since pulmonologists’ training in rigid
bronchoscopy has dramatically declined worldwide (8).

A. Tube Stents

Montgomery T-Tube
Since 1965, the Montgomery T-tube has undergone only slight modifications and
continues to be used for the treatment of subglottic and tracheal stenosis (6). Early
models made of acrylic were later replaced by silicone rubber. They are available in
different diameters and variable lengths for the three limbs. The prerequisite for this
stent is a tracheostomy, and it can be placed during the initial operation or via rigid
bronchoscopy. The limb protruding out of the tracheostoma is left open for cricoid or
glottic stenosis, unplugged transiently for bronchial toilet or closed to allow speech.
Migration is rarely encountered as one limb is fixed in the tracheostomy opening.
High mucosal pressure is not required to hold the stent in position, and blood and
lymphatic flows to the sensitive upper trachea are not compromised, thereby making the
Montgomery T-tube especially safe for high tracheal stenosis.

Dumon Stent
Dumon initially described his experience with a new dedicated tracheobronchial pros-
thesis made of silicone with studs (7). A multicenter trial (17) followed where 1574
stents were placed in 1058 patients, of which 698 were for malignant airway obstruction.
Stent migration occurred in 9.5%, granuloma formation in 8%, and stent obstruction by
mucus in 4% during mean follow-up of 4 months for malignant and 14 months for
benign stenoses. In a similar study conducted by Diaz-Jimenez and colleagues, 125
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Figure 1 Types of tube and hybrid stents. (A) Dynamic (Rusch) stent; (B) Dumon tracheal stent;
(C) Dumon bronchial stent; (D) Montgomery T-tube; (E) Hood bronchial stent; (F) Orlowski stent;

(G) Hood custom tracheobronchial stent; (H) Hybrid stent (Alveolus) that can be deployed with
flexible or rigid bronchoscope without foreshortening.

silicone stents were placed in 60 patients with malignant and 30 with benign tracheo-
bronchial disease. Migration was observed in 13%, granuloma in 6%, and mucus
plugging in 2% (18). Lower complication rates were observed by Cavaliere et al. where
a series of 393 silicone stents were placed in 306 patients with malignant airway
strictures. Stent migration was observed in 5% and granuloma formation in 1% (11).
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Figure 2 Types of metallic stents. From left to right: Palmaz stent, Tantalum Strecker stent,
uncovered Ultraflex stent, covered Ultraflex stent, uncovered Wallstent, and covered Wallstent.

Table 5 Comparison of the Dumon Stent and the Covered Ultraflex Stent

Characteristics Dumon stent Covered Ultraflex stent

Mechanical considerations

High internal to external diameter ratio — +++

Resistant to recompression when deployed + ++

Radial force exerted uniformly across stent + ++

Absence of migration — ++

Flexible for use in tortuous airways — +++

Removable +++ —

Dynamic expansion - ++

Can be customized +++ —
Tissue-stent interaction

Biologically inert ++ ++

Devoid of granulation tissue + —

Tumor ingrowth ++ +
Ease of use

Can be deployed with FB - +++

Deployed under local anesthesia with conscious — ++

sedation

Radiopaque for position evaluation — +++

Can be easily repositioned ++ —
Cost

Inexpensive + -

—, poor; +, fair; ++, good; +++, best.

After its introduction, the Dumon stent (Novatech, France) has become the most
frequently used stent worldwide and is considered the “gold standard” by many experts.
Different diameters and lengths are available for structural stenoses of the trachea, main
stem bronchus, and bronchus intermedius of adults and children. A recent addition is a
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bifurcated model known as Dumon Y stent (Tracheobronxane Y, Novatech, France)
which can be applied to palliate lower tracheal and/or main carinal stenoses. However,
as good contact pressure between the airway wall and the studs is required to prevent
stent migration, it is not ideal for tracheobronchomalacia or to bridge tracheoesophageal
fistula.

Noppen Stent
The Noppen stent is made of Tygon (Reynders Medical Supplies, Belgium) and has a
corkscrew-shaped outer wall that prevents migration by generating friction between the
airway and stent. Results of a study that compared the use of Noppen stents with the
Dumon stents demonstrated lower migration rate for benign tracheal stenoses with use of
the former (19).

Polyflex Stent

The Polyflex stent (Boston Scientific, Massachusetts, U.S.) is a self-expanding stent
made of cross-woven polyester threads embedded in silicone. Its walls are thinner than
the Dumon or Noppen stents. This stent can be used to treat benign and malignant
strictures as well as tracheobronchial fistula. Different lengths and diameters as well as
tapered models for sealing stump fistula are available. Incorporation of tungsten into the
stent makes it radio-opaque; however, the outer surface is smooth, which increases the
risk for migration. In a small series of 12 patients where 16 Polyflex stents were used for
benign airway disorders such as anastomotic stenosis following lung transplantation,
tracheal stenosis, tracheobronchomalacia, tracheobronchopathia osteochondroplastica,
relapsing polychondritis, and bronchopleural fistula, the reported complication rate was
alarmingly high at 75%, even though immediate palliation was achieved in most cases
(90%). Stent migration was the most common complication that occurred between
24 hours and 7 months after deployment. Notably, all four patients with lung transplant—
related anastomotic stenoses encountered complications with the Polyflex stents; two
had significant mucus plugging requiring emergent bronchoscopy while the stents
migrated in the other two patients. The authors have since abandoned the use of Polyflex
stent in their practice (20).

Hood Stent
The Hood stent (Hood Laboratories, Pembroke, U.S.) is made of silicone and can
be dumbbell-shaped for bronchial anastomosis or tube with flanges customized to L or
Y shape.

Dynamic Stent

The dynamic stent (Riisch Y stent, Riisch AG Duluth, GA) is a bifurcated silicone stent
that is constructed to simulate the trachea. It is reinforced anteriorly by horseshoe-
shaped metal rings that resemble tracheal cartilages and a soft posterior wall that
behaves like the membranous trachea by allowing inward bulge during cough. Stent
fracture from fatigue and retained secretions are rarely encountered, and the stent is used
for strictures of the trachea, main carina and/or main bronchi; tracheobronchomalacia;
tracheobronchomegaly, and esophageal fistula.
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Figure 3 Balloon-expandable stents: Palmaz and Strecker. A balloon expandable stent con-
sists of a stent balloon assembly and relies on the balloon to dilate the stent to its correct diameter.

B. Metallic Stents
Metallic stents are gaining popularity because of their ease of insertion. They can be
placed via FB in patients under local anesthesia and conscious sedation and even at an
outpatient setting (21,22). They can be categorized by the method of deployment: balloon
expandable and self-expanding. A balloon-expandable stent consists of a stent balloon
assembly and relies on the balloon to dilate it to its correct diameter at the target site
(Fig. 3). A self-expanding stent has a shape memory that enables it to assume its pre-
determined configuration, when released from a constraining delivery catheter (Fig. 4).

Advantages of metallic stents for the management of malignant tracheobronchial
obstruction include their radio-opaque nature, greater airway cross-sectional diameters
because of thinner walls, ability to conform to tortuous airways, preservation of
mucociliary clearance and ventilation when placed across a lobar bronchial orifice, and
their ease of insertion compared to tube stents. Major disadvantages, however, include
granulation tissue formation within the stent and difficulty in removal or repositioning
following stent epithelialization, which occurs in six to eight weeks (Table 5).

Palmaz and Strecker Stents
The balloon-expandable stents (Palmaz and Strecker) can be dilated to diameters 11 to
12 mm, and are primarily restricted to use in children. The Palmaz stent is not indicated
for adults, as it is a device that exhibits plasticity without radial force, such that when the
yield point is crossed, permanent deformity ensues. Thus, a strong external force from a
vigorous cough, compression from an enlarging tumor, or adjacent vascular structure
can lead to its collapse, resulting in obstruction and migration (23).

The Strecker stents are available in lengths of 20 to 40 mm and can be used in
adults for precise stenting of short segment stenoses since they do not foreshorten on
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Figure 4 Self-expanding stents: (A) Wallstent and Ultraflex stent. (B) Wallstent deployment
system. (C) Ultraflex stent deployment system. Ultraflex stent is mounted on introduction catheter
with crochet knots; pulling the thread releases the stent.

deployment (24). Both Palmaz and Strecker stents are uncovered and unsuitable for
malignant lesions, as they do not protect against tumor ingrowth, and may become loose
when these stenoses improve following chemoradiotherapy.

The Wallstent and Ultraflex Stents (Boston Scientific) are self-expanding stents.
They do not require hooks to prevent migration, as they have outward radial force that is
uniformly applied over the bronchial wall, which stabilizes the stent and reduces the risk
of mucosal perforation. They are easy to deploy and are available in covered forms.

The Wallstent is a self-expandable wire mesh made of cobalt-based superalloy
monofilaments (Fig. 5). Dasgupta and coworkers reported their experience using 52
uncovered Wallstents in 37 patients: 20 with malignant airway obstruction and 17 with
benign disease. Stent-related obstructive granuloma occurred in 11% of patients, two
patients developed Staphylococcal bronchitis, which necessitated stent removal in one
patient. Stent migration and mucus plugging were, however, not observed (9).
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Figure 5 (A) Covered and uncovered Wallstents. (B) Wallstent in main bronchus.

The Ultraflex is a second-generation self-expanding stent made of nitinol (Fig. 6).
Nitinol is an alloy with shape memory, which deforms at low temperature and regains its
original shape at higher temperatures. Miyazawa and coworkers deployed 54 Ultraflex
stents in 34 patients with inoperable malignant airway stenoses via flexible or rigid
bronchoscopy. Immediate relief of dyspnea was achieved in 82% of the patients who
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Figure 6 (A) Covered and uncovered Ultraflex stents. (B) Ultraflex stent in trachea.
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demonstrated corresponding improvements in spirometry. Retained secretions and
migration were not observed. Stent removal and repositioning was possible in one case
of misplacement, and the Ultraflex stent was found to be safe for subglottic stenosis
(25). Herth and colleagues further demonstrated that the Ultraflex stents could be placed
satisfactorily without fluoroscopy, minimizing radiation exposure to patients and staff
(26) (Fig. 6).

Long-term outcome of patients with malignant and benign airway strictures
treated with Wallstents and Ultraflex stents was analyzed. Median follow-up for patients
with lung cancer was 42 days, 329 days for lung transplant recipients, and 336 days for
other benign conditions. No cases of mucus plugging, fistulous formation, or fatal
hemoptysis were observed. Overall observed complication rate was 0.06 complications
per patient-month. The most common complication (15.9%) was infectious tracheo-
bronchitis and one patient had the stent removed because of persistent Staphylococcus
aureus tracheobronchitis. Obstructing granuloma (14.6%) was the second most common
complication necessitating multiple interventions to restore airway patency. Tumor
ingrowth was seen in 6.1%, early migration in four patients treated with Wallstents, and
metal mesh fatigue in one patient after two years (27). Although data on long-term
complications of Ultraflex stent and its application in benign airway stenoses are lim-
ited, it proves to be a good prosthesis for complex malignant airway stricture, because of
ease of placement, excellent flexibility, and biocompatibility. However, it should not be
used in patients with benign airway conditions, until options of tube stent placement or
surgery have been exhausted.

Alveolus Stent
Alveolus stent (Alveolus Inc., Charlotte, North Carolina, U.S.) is a new self-expanding,
completely polyurethane-covered metallic stent that has been designed for use even in
non-neoplastic airway strictures as it can be easily removed. Accurate sizing for the stent
can be achieved with an Alveolus stent-sizing device (Alveolus Inc.), which can be
introduced through the working channel of a therapeutic FB. It consists of a sliding
external sheath and an inner wire. The device has a measuring tool on one end and a
handle on the other. When the internal wire is retracted from the handle, the wings of the
measurement device open and are capable of measuring diameters between 6 and
20 mm. Once tissue contact is made, the color bars that code for specific lumen
diameters will show, which aid the bronchoscopists in the selection of appropriate stents.

Moreover, the Alveolus stent is laser constructed from a single piece of nitinol
with concentric rings held in position by nitinol strands. Because of its structure,
investigators have found it amenable to length modification. Since it does not fore-
shorten with deployment, and is completely covered in polyurethane coating, even when
customized, the stent keeps to its trimmed length and structural integrity (28). Despite its
advantages, stent collapse causing hemoptysis and dyspnea in a woman who was treated
for postintubation tracheal stenosis was reported (29).

IV. Choice of a Stent
Besides the site, shape, and length of stenosis, presence or absence of malacia or fistula
determine choice of a stent. The underlying cause of airway pathology is also an
important consideration. Proper sizing of the stent (length and diameter) in relation to
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the dimensions of the trachea or bronchus is important to avoid stent-related compli-
cations such as migration, mucus plugging, granulation, and tumor ingrowth.

Tube stent placement requires specialized equipment, training, and competency in
rigid bronchoscopy, while metal stents can be inserted via an FB and in an outpatient
setting. The ease of placement should not lead to the erroneous choice of the easiest stent
over the best one to treat a given condition. Considering the immediate and long-term
complications associated with indwelling stents, the endoscopist should run through a
checklist: (i) Is a stent required? (if) Will the patient benefit from stent placement in
terms of quality of life or prognosis? (iii) Does the stent interfere or prohibit a curative
surgical procedure later? (iv) Do I have the expertise, equipment, and team to place and
more importantly, if required, to remove the stent? (v) What is the underlying airway
pathology and which stent is ideal? (vi) Is it safe to place a stent in this anatomical site?
(vii) What are the required stent dimensions (length and diameter)? (viii) Do I have the
optimal stent or should I order a more appropriate one?

For benign strictures, stents that are easy to remove and replace (e.g., tube stent)
are preferred to minimize mucosal damage that might otherwise preclude subsequent
surgery. For malacia because of relapsing polychondritis or tracheomegaly syndrome,
uncovered wire mesh stents are preferred, as they do not interfere with mucociliary
clearance and have a low migration rate (30,31). In expiratory dynamic airway collapse
associated with chronic obstructive pulmonary disease, a removable stent is considered
only after standard therapy including noninvasive ventilation fails (32), while covered
metal and tube stents are indicated in malignant stenoses (11,17,18,21,28) and trache-
oesophageal fistulae (33,34).

V. Stent Insertion Techniques
Prior to stent insertion, dilatation of the stricture to its optimal diameter should be
attempted using a rigid bronchoscope, bougie, or balloon. Tumor tissue should
be removed either with laser or electrocautery. The largest possible prosthesis should be
selected, and even if it does not completely unfold, it can be opened with a balloon or
forceps.

Placement of tube stents requires rigid bronchoscopy while metal stents can be
deployed using the flexible bronchoscope. Special catheters and deployment systems
have been developed for metal stents. The Palmaz and Strecker stents are mounted on
balloon catheters. These stents are deployed over the stenotic areas and expanded to
their specified dimensions by means of balloon inflation (Fig. 3). The Ultraflex stent is a
self-expanding stent that is mounted on an introduction catheter with crochet knots.
Pulling on a thread unravels the knots and releases the stent. The distal release model is
easier to deploy than the proximal release design (Fig. 4).

The Polyflex stent with its pusher system is deployed with the help of a rigid
bronchoscope. Insertion of the Dumon stent is facilitated by the use of the dedicated
Dumon-Efer rigid bronchoscope and stent applicator set (Efer, France). Placement of
dynamic and other bifurcated stents is facilitated with dedicated forceps.

A stent alert card detailing the type and dimensions of the stent as well as its
location in the tracheobronchial tree should be given to the patient. It should also
indicate appropriate size of endotracheal tube to use if emergency intubation is required
with the stent in situ.
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VI. Tracheal Transplantation with Aortic Allografts
Primary tracheal tumors can arise from the respiratory epithelium, salivary glands, and
mesenchymal structure of the trachea. Primary tracheal tumors account for up to 0.4% of
malignant diseases, with 2.6 new cases per million people every year (35,36). In adults
90% are malignant with squamous cell carcinoma and adenoid cystic carcinoma
accounting for two-thirds of these tumors (36). The adult trachea measures 12 cm in
length, and is 1.5 to 2.5 cm wide. Depending on individual’s anatomic and physiological
factors, up to 50% of the trachea (i.e., not more than 7 cm) can be resected. Tracheal
resection with end-to-end anastomosis is the treatment of choice unless the tumor
involves more than 50% of trachea or invades mediastinal structures, lymph nodes,
distant metastases, or the mediastinum, or the patient has received maximum radiation of
more than 60 Gy (37,38). In these the circumstances, patients do not undergo surgery
but receive palliation with endotracheal stents, debridement, external beam radiation, or
brachytherapy (39).

Preliminary animal studies using allogenic aortic allografts to replace the trachea
have demonstrated promise, as there were no occurrences of anastomotic leak, dehis-
cence, stenosis, or rejection over a period of 1 to 16 months (40,41). In fact recipient
cells colonized the aortic graft. The tracheal epithelium that developed comprised of
basal, secretory, and ciliated cells. A posterior membrane and cartilage rings could also
be detected.

Recently tracheal transplantation is shown to be feasible in humans. Two patients
with chemoradiotherapy-resistant mucoepidemoid and adenoid cystic carcinomas
underwent tracheal resection and replacement with aortic allografts. Silicone Y-stents
were left in place postoperatively to prevent collapse of the aortic grafts. Biopsy
specimens of the aortic allografts in both patients at one year showed development of
respiratory epithelium although it was unclear whether host mesenchymal stem cells had
engrafted the aortic allograft and undergone cartilaginous differentiation. No compli-
cations of graft ischemia, suture dehiscence, infection, or graft rejection were observed
despite notable omission of immunosuppressive therapy (42).

VIl. Conclusion
Airway stenting is a valuable adjunct to other therapeutic bronchoscopic techniques used
for relieving central airway obstruction. However, clinical studies are needed to identify
patients who will derive the greatest benefit from stenting as well as in the search of the
ideal stent. Tracheal replacement therapy with aortic allograft offers promise for patients
with extensive tracheal tumors.

Summary
Stent placement is commonly used as a method of palliation for patients with central
airway obstruction because of malignancy. Stents are used to maintain airway patency
following dilatation of postinflammatory and infectious strictures, for airway dehiscence
after lung transplantation as well as in the management of tracheobronchomalacia.
Covered stents can be applied to seal fistulas between trachea or bronchi and the
esophagus, and dehiscence of pneumonectomy stump. Careful patient selection, char-
acteristics of the airway stenosis, physician’s expertise, and availability of equipment
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determine the type of stent used. Placement of tube stents requires rigid bronchoscopy
and is preceded by dilatation of the strictures, while metal stents can be placed using a
flexible bronchoscope (FB). This chapter discusses the advantages and disadvantages of
commonly used airway stents as well as future role of allogenic aortic grafting for the
tracheobronchial tree.
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High-Resolution Bronchoscopy: Bringing These
Modalities into Focus

DAVID RIKER
Department of Pulmonary and Critical Care Medicine, University of California, San Diego,
San Diego, California, U.S.A.

l. Introduction
Flexible bronchoscopy was initially introduced in 1966 by Dr Shigeto Ikeda, who is
regarded by many to be the “father” of fiberoptic bronchoscopy. This revolutionary
pulmonary tool was established in clinical practice in 1968 and became available in the
United States in 1972 (1).

Since that time, the bronchoscope has evolved into a highly technical instrument
with true color video capability in a variety of scope diameters. Bronchoscopy allows
direct visual access to larger airways and bronchioles and extended instrument access to
the alveolar level. Along with these advancements, bronchoscope resolution has been
enhanced, providing remarkable clarity of human airway, blood vessels, and mucosa.
High-resolution bronchoscopy has been used to describe modalities such as auto-
fluorescence (AF), narrow band imaging (NBI), fibered confocal microscopy (FCFM),
and optical coherence tomography (OCT). While high-resolution techniques continue to
be useful for research purposes, their application in clinical practice is innovative yet
underutilized. There persists a need for optical tissue conformation through rapid
diagnostic imaging. We will explore high-resolution bronchoscopy and provide a
framework for current practice and future potential.

Il. Autofluorescence Bronchoscopy

A. Introduction
Fluorescence is a luminescence optical phenomenon in which absorption of light energy
photons triggers excitation and emission of another photon with a longer wavelength. Usually
the initial photon is in the ultraviolet range with the emitted light being within the visible
range. A fluorophore is a component of a molecule that causes fluorescensce (Table 1).
Absorption occurs at a specific wavelength energy, and visible light energy is reemitted.

Fluorescence can be created with 380- to 490-nm light exposure, which excites
the natural human airway fluorophores, collagen, and elastin (2). Exogenous compounds
such as indocyanine green or fluorescein also fluoresce in the presence of light stimu-
lation, allowing observation of airway mucosal changes. Novel research is currently
ongoing to determine the use of fluorescein dye in airway cancer detection (Fig. 1).

AF, however, is the fluorescence of substances other than the fluorophore of
interest (3). Of specific importance are early airway changes consistent with dysplasia,
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Table 1 Common Fluorophores

Chlorophyll
Collagen

Elastin

Fibrillin

Flavin
Indolamine
Indolamine dimer
Indolamine trimer
Lipofuscin
NADH (reduced form only)
Plant polyphenols
Tryptophan

Riker

Figure 1 Pre— and post-intravenous fluorescein administration (top). Photo showing poor fluo-
rescein uptake in tumor (bottom). Source: Photo courtesy of Dr David Riker and Dr Melissa Suter.
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carcinoma in situ or invasive cancer. These changes occur in the cell and tissue state during
a pathologic process, resulting in modifications of the amount and distribution of endog-
enous fluorophores and chemical-physical properties of their microenvironment. Abnormal
AF signal may be useful as a diagnostic indicator in early airway cancer detection.

B. Literature
Several AF systems are available including DAFE (Richard Wolf GmbH, Knittlingen,
Germany), AFI (Olympus Optical Co., Ltd, Tokyo, Japan), Storz D-Light (Storz, Tut-
tlingen, Germany), Novadaq Pinpoint (Novadaq Technologies Inc., Ontario, Canada),
ONCOLIFE (Xillix Technologies, Vancouver, Canada), and Pentax Safe-3000 (Pentax
Corp., Tokyo, Japan) (4). Each system uses a different source of light excitation energy
including laser, high-arc mercury bulb, or xenon bulb. Most systems use a blue light
energy wavelength between 380 and 460 nm (5). Review of the in-depth optical and
operating differences between each system is beyond the scope of this chapter.

Much published trials on autofluorescence bronchoscopy (AFB) pertain to the
LIFE (Xillix Technologies) device. White light bronchoscopy (WLB) is performed prior
to AFB in a majority of trials, resulting in a calculated relative sensitivity between the
two modalities. All abnormal regions on WLB are confirmed using AFB, while sub-
sequent suspicious areas not identified with WLB are detected by AF. Biopsies are then
required to document pathologic tissue changes consistent with invasive or preinvasive
conditions. Regions felt to exhibit visible features of normal airway mucosa are used as
comparison ‘“‘controls.”

A 1.3- to 6.3-fold increase in the detection of dysplasia and carcinoma in situ
(CIS) has been reported with the LIFE device (6-11). The most recent trial by Chhajed
et al. described 158 consecutive high-risk individuals undergoing mass screening for
lung cancer and having abnormal sputum cytology screened by LIFE and WLB (11). All
patients underwent fiberoptic bronchoscopy followed by LIFE. While LIFE improved
dysplasia or malignancy detection by 1.3-fold, specificity was reduced by 2.3-fold.

Less published data exist for other systems including Karl Storz D-Light. Two
Storz D-Light trials were performed in the last five years. In 2004, Beamis et al. enrolled
300 patients having known, suspected, or resected lung cancer to undergo D-Light sur-
veillance (12). Bronchoscopic findings were stratified into four classes with biopsies only
obtained in class III (abnormal/premalignant) lesions. Adding AF to WLB increased
preinvasive disease detection by 5.8-fold (Fig. 2). No difference in specificity was
observed between the two modalities. HauBinger et al. included 1173 smokers random-
ized to D-Light AFB + WLB or WLB alone (5). The combination of AFB and WLB had
a 1.42-fold increased sensitivity for detecting dysplasia and CIS over WLB alone. Spe-
cificity was decreased, however, owing to higher false positive findings.

Varying prospective AFB studies have used different AF systems. Currently, few
data exist in head-to-head systems comparison. Herth et al. published the largest
prospective study comparing two AF systems, Storz D-Light and LIFE, in 332 patients
with known or suspected non—small cell lung cancer. No clinical difference between
LIFE and D-Light were observed; however, exam length was four minutes longer with
LIFE (13). It is difficult to determine superiority between AF systems. The choice of AF
equipment should be determined by operator preference, video optics, cost, and ease of
integration into a preexisting bronchoscopy system.
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Figure 2 White light and Storz D-Light image of abnormal carinal mucosa. Source: Photo
courtesy of Dr John Beamis.

Figure 3 Elevated ONCOLIFE red/green ratio (Right side of photo, dark gray/light gray
respectively) (6.31) indicating blood from acute mucosal trauma. This observation with AFB can
lead to false-positive results. Source: Photo courtesy of Dr David Riker.

C. Limitations
Criticism of these studies includes introduced sensitivity bias resulting from initial WLB
preceding AFB. AFB showed greater sensitivity for distinguishing intraepithelial neo-
plastic lesions compared to invasive carcinomas. Autopsy, the gold standard, does not
exist in these trials for obvious reasons. Therefore, accuracy of WLB and AFB must be
compared with one another. The resulting comparison measures relative sensitivity and
specificity. Mucosal trauma is one example of false positive findings observed with AFB
(Fig. 3).

It is difficult to completely rely on decade-old studies using older generation AF/
fiberoptic bronchoscopes to extrapolate data from newer, improved resolution color vid-
eobronchoscopes. It is unclear what impact optic limited AF/fiberoptic bronchoscopes
contribute to overall test sensitivity. Newer generation color videobronchoscopes have
improved resolution up to 38 um, far greater than fiberoptic bronchoscopes. On the basis
of data gathered with fiberoptic AF systems, there is not a strong role for AFB + WLB
when visible cancers are detected using WLB alone. This is likely true using white light
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color videobronchoscopy as well. Pentax Safe-3000 is the only available AF system
compatible for use with color videobronchoscopy. It is approved for research in the United
States, but may be purchased for clinical use in other countries. Ongoing small trials are
being conducted to compare Safe-3000 with its AF/fiberoptic predecessors.

The role of AFB in generalized lung cancer screening is highly controversial. One
of the central criticisms of AFB for mass screening arises from the poorly understood
prevalence and natural progression of airway dysplasia and CIS. Dysplasia II-III can be
found in 3.9% of the smoking population, while CIS is observed in only 1% of high-risk
individuals (8). Preinvasive progression to invasive disease is rarely reported or con-
firmed by biopsy-proven pathology (14-17).

Sputum cytology suggests that up to 46% of severe dysplasia could progress to
CIS (18). Venmans et al. discovered CIS in 9 of 144 patients undergoing AFB sur-
veillance over three years (17). Despite local endobronchial therapy, 56% progressed to
invasive carcinoma. These findings were supported by Bota et al. who found 416 lesions
in 104 high-risk patients followed by AFB over two years (19). At three months 70% of
dysplasia regressed and 37% stabilized or progressed at two years. Overall, 41%
regressed to normal after two years and 22% regressed to a low-grade dysplasia.
However, CIS persisted with 78% of the lesions remaining as severe dysplasia or CIS at
three months.

It is not entirely clear that treating dysplasia is helpful, as a majority of lesions
tend to regress over time. Detection of CIS by AFB raises an important question of
appropriate management and future surveillance. No large long-term study has con-
firmed the widely held belief that CIS represents premalignancy. Consideration for AFB
surveillance at three-month intervals is reasonable with endobronchial treatment per-
formed if lesions persist for three or more months.

D. Conclusions
Fluorescence bronchoscopy shows promise, providing a valuable opportunity to
understand the natural progression of bronchial dysplasia and CIS. It may be possible to
combine AFB with tumor marker sputum cytology and other advanced high-resolution
bronchoscopy techniques, facilitating a shift in the current paradigm of lung cancer
screening. However, it will ultimately be necessary to demonstrate use of these new
tools associated with a significant reduction in lung cancer mortality before integration
of fluorescence bronchoscopy can be recommended for lung cancer screening.

While AFB cannot be recommended for mass screening, several defined pop-
ulations may benefit from screening and surveillance. Those patients who are symp-
tomatic smokers have a history of prior head and neck cancers; post-lung resection for
lung cancer or preresection candidates should be considered for AFB. Nonsurgical
candidates or patients with advanced stage IIIB/IV lung cancer have the option of
endobronchial tumor resection. There exists the possibility to define endobronchial
tumor margins using bronchoscopy including AFB. AFB-detected tumors without
confirmed cartilage invasion are ideal for endobronchial therapy. Recommendations for
the treatment and surveillance of dysplasia and CIS include AFB at three-month
intervals to determine stability of either lesion. If dysplastic regions show no signs of
progression, further surveillance could be performed as needed. Routine bronchoscopy
and endobronchial therapy should be applied to CIS lesions proven to persist three
months or greater.
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Future research should concentrate on mortality end points, further defining the
role of AFB in select population screening. Combining endobronchial diagnostic mul-
timodalities, including AFB, endobronchial ultrasound, and OCT, may provide accurate
depth and resection margins for submucosal disease.

lll. Narrow-Band Imaging

A. Introduction
Narrow-band imaging (NBI) is an optical filter technology that radically improves the
visibility of capillaries, veins, and other tissue structures by optimizing the absorbance
and scattering characteristics of light. NBI is based on the principle that the depth of
light penetration depends on its wavelength: The longer the wavelength, the deeper the
penetration. A typical bronchoscope system uses white light from a Xenon lamp passing
through a rotary RGB filter that separates the light into the colors red, green, and blue.
Light is detected by a charged coupled device at the endoscope tip, and three images are
integrated into a single color image by the video processor. When a light filter is used,
the red spectrum is removed, leaving a blue and green spectrum. These two discrete
bands of light, blue at 415 nm and green at 540 nm, then enhance the surrounding airway
tissue. Blue light penetrates only superficially, whereas green light penetrates into
deeper layers. Narrow-band blue light is absorbed by hemoglobin displaying superficial
capillary networks, while green light displays subepithelial vessels (20) (Fig. 4). The end
result is an extremely high contrast image of the mucosa and submucosal surfaces.
Capillaries within the mucosa are visualized in brown and the submucosal veins are
depicted in cyan (blue).

B. Rationale
The continuing development of pulmonary NBI results from the current disheartening
paradigm surrounding lung cancer screening and early lung cancer detection. Prior
studies have confirmed the futility of lung cancer screening with chest X ray alone or in
concert with sputum cytology (21,22). Despite larger lung cancer screening trials using
CT scans in high-risk patients, there has been no distinct progress toward improved lung
cancer screening sensitivity. ELCAP screened 1000 asymptomatic patients who had a

Figure 4 NBI mode showing endobronchial tumor (T) and abnormal vascularity (AV) pre- and
postelectrocautery. Source: Photo courtesy of Dr David Riker.



High-Resolution Bronchoscopy: Bringing These Modalities into Focus 67

>10 pack-year smoking history with low-dose spiral chest CT (23). I-ELCAP looked at
31,567 asymptomatic participants with baseline CT scans (24). Annual screening scans
and follow-up were accomplished on 27,456 patients. Screening in asymptomatic
smokers yielded a high prevalence of lung cancer; however, there is debate surrounding
uncontrolled overdiagnosis and lead-time bias in addition to the inability to determine
lung cancer—specific and overall mortality rates (25).

The question has been posed whether bronchoscopic surveillance or screening can
be accomplished. Most accept the cancerization hypothesis associated with cigarette use
(26). Earlier postmortem studies documented premalignant airway pathology occurring
in extensive areas of bronchial tissue. These preinvasive bronchial changes were seen in
heavy smokers (27,28). Since early airway cancer exists and early cancer detection may
improve mortality, there is a substantial need to define a screening tool capable of
identifying these lesions.

C. NBI Systems

Combination color videobronchoscopes are available with the NBI feature. The only
commercially available NBI devices are the Olympus EVIS EXERA II models
BF1T180, BF-Q180, and BF-P180 bronchoscopes combined with the CLV 180 light
source, CV-180 video processor, and OEV-191H LCD monitor (Olympus Optical).
Bronchoscope sizes for the three models are a 6.0-mm outer tube diameter design with a
large 3.0-mm working channel, 5.1 mm diameter at the insertion tube and 5.5 mm and
the distal end with 2.0-mm working channel, or a 4.9-mm tube size with a 2.0-mm
working channel. A separate operator button allows smooth transition from white light
mode to NBI mode.

D. Literature
Most studies using NBI technology are targeting upper gastrointestinal pathology
including Barrett’s esophagus, metaplasia, and GERD (29). However, newer studies
have used NBI to detect colon adenomas along with dysplasia in patients with ulcerative
colitis (30,31). Unfortunately, these studies have relatively small patient numbers and
have been performed in highly specialized centers.

Classification systems have been proposed describing various mucosal patterns.
Systematic image and biopsies were performed in nearly 200 selected areas of 63
Barrett’s esophagus cases (32). Metaplasia was associated with normal vascular and
mucosal patterns combined with flat mucosa devoid of pits or villi. Those regions
exhibiting irregular vascular or mucosal patterns and abnormal blood vessels were
associated with high-grade intestinal neoplasia.

Other authors described three categories for mucosal patterns (ridged/villous,
circular, and irregular/distorted) and two categories for vascular patterns (normal and
abnormal) (33,34). Prospective evaluation of 51 patients was completed. Sensitivity is
94% for detecting intestinal metaplasia while the irregular/distorted pattern had a sen-
sitivity of 100% for high-grade intestinal neoplasia.

Additional classification systems are based on regular, irregular, and absent
microstructural patterns, and regular and irregular microvascular patterns (35).

NBI may provide the observation of early tumor neovascularization through
abnormal mucosal vessel patterns. Increased vessel density in the submucosa can be
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observed in bronchial dysplasia, indicating that angiogenesis occurs early on during lung
cancer proliferation (36-38). Shibuya et al. studied patients undergoing AFB with
normal and abnormal epithelium using high-magnification bronchovideoscopy (HMB)
(39). Sixteen specimens with normal AFB and bronchial epithelium, 22 with bronchitis,
and 21 dysplasia specimens with abnormal fluorescence were observed. Bronchitis
specimens had a twofold increase in mean vascular ratios compared with normal epi-
thelium, and a threefold increase in mean vascular ratios was observed with dysplastic
specimens compared with normal epithelium. Those with dysplasia had mucosal vas-
cular patterns described as “complex networks of tortuous vessels.”

While this chapter previously discussed AFB, there are a paucity of studies
confirming the utility of combining NBI and AFB in detecting preinvasive bronchial
changes and invasive lung carcinoma. The additional role of NBI added to AFB was
observed in a small 48-patient study by Shibuya et al (40). All patients with sputum
cytology specimens suspicious or positive for malignancy were entered into the study.
Angiogenic squamous dysplasia (ASD) was imaged by combined HMB and NBI. ASD
is thought to be a premalignant condition in lung cancer pathogenesis. HMB can enlarge
an image up to 100 times. Mass screening of sputum cytologic examinations identified
high-risk lung cancer cases. 48 patients were included in the high-risk group comprising
46 males and 2 females. Majority of patients were current smokers. WLB was performed
followed by AFB using the LIFE lung system (Xillix Technologies). HMB was directed
toward regions with abnormal fluorescence and examination repeated by NBI. Bronchial
biopsy specimens were sampled from all abnormal areas. Abnormal dotted vessels, in
addition to increased vessel growth and complex networks of tortuous vessels, were
associated with dysplasia. Among the vascular networks with abnormal fluorescence
without dotted vessels, 98% did not show dysplasia. The dotted vessels were observed in
18 abnormal fluorescence sites, in which 14 (78%) exhibited dysplasia. There was a
significant association between NBI-observed dotted vessel frequency and ASD
pathology (p = 0.002). Dotted vessel diameter observed by NBI was similar to capillary
blood vessel size on pathology. Further studies are needed to confirm the clinical role for
NBI in preneoplastic or invasive cancer screening.

Few studies have concentration on NBI compared to WLB alone. Silvestri et al.
studied 22 patients in a prospective partially blinded trial using WLB and NBI. WLB
was performed first, followed by NBI. There was no significant improvement in diag-
nostic yield with NBI; however, a significant greater detection in dysplasia was observed
(p = 0.005) (41).

E. Limitations
NBI may be complimentary to AFB, but advantages are less clear combined with WLB.
Tumor angiogenesis can be observed in endobronchial disease, but not all tumors are
vascular, adding to potential false-negative NBI findings. In NBI mode, acute bleeding
appears very dark in color and obscures vascular tissue findings. Minimal airway blood
and mucous is essential for optimal NBI surveillance. It is common to observe increased
submucosal vascularity in emphysema patients and former and active smokers.
Unfortunately, there is no accepted or well-defined clinical description and classification
of abnormal airway vascularity. If NBI is performed and vascularity is observed, distinct
pathologic vessel alterations may be missed without high-magnification bronchoscopy.
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F. Conclusions

NBI seems to have a superior role combined with AFB and WLB, compared to WLB
alone. This is not surprising as AFB has improved sensitivity in detecting early dysplasia
compared with WLB. Future studies will need to focus on a multimodal bronchoscopic
approach to lung cancer screening and surveillance. Perhaps NBI combined with AFB
and WLB could reduce the false positives associated with AFB and WLB alone. NBI
and AFB may improve localization of tumor and tumor margins post-endobronchial
resection. Both AFB and NBI improve dysplasia detection; however, there is no data
suggesting an acceptable reduction in false negatives and positives needed to support
lung cancer screening with NBI, even in surgical cure patients.

IV. Raman Spectroscopy

A. Introduction
Raman spectroscopy (RS) is a vibrational spectroscopic technique that can be used to
optically probe molecular changes associated with diseased tissues. The technique relies
on the scattering of monochromatic light, usually delivered by a near-infrared (NIR)
laser having a wavelength of 750 to 1400 nm (42).

Laser light interacts with phonons that are responsible for physical properties of
solids such as thermal or electrical conductivity. Energy is then “shifted” and detected as
a Raman signal. Depth of penetration can vary between 0.5 and 1 mm depending on the
system used (43).

B. History

Inelastic scattering of light was first theorized by Smekal in 1923, but was not observed
in experiments until 1928. While several individuals discovered the Raman effect, an
Indian scientist, Sir C. V. Raman, was credited as the major founder. In 1928 Raman,
Landsberg, and Maldelstam observed this effect by means of sunlight (44). For this
discovery, Raman was awarded the Nobel Prize in physics in 1930. Using sunlight and a
photographic filter, monochromatic light was created. Monochromatic light passing
through a second blocking filter underwent frequency alterations, but “blocked” light
frequency was unchanged.

C. Rationale

The Raman effect exploits differences between the incident and scattered frequencies that
correspond to the vibrational modes of molecules participating in the interaction. Scattered
photon intensity plotted as a function of frequency shift is depicted as Raman spectra. The
spectra results in a “light-induced” fingerprint of specific molecular species, with the
potential to be used for biomedical applications. Raman-active scattering can be observed
in many biologic molecules, each exhibiting a unique spectral fingerprint. Raman spectra
usually exhibit sharp spectral features that are characteristic for specific molecular
structures and conformations of tissue, thus providing more specific molecular information
about a given tissue or disease state (45,46). NIR-RS has certain advantages, such as
relative insensitivity to tissue water contents and deeper penetration depth into the tissue,
that justify its increasing popularity for biomedical applications (47,48). A laser beam is
used to irradiate a spot on the sample under investigation (Fig. 5). The resulting Raman
effect is analogous to an optical tissue biopsy, identifying particular atoms or ions that
comprise the tissue molecules (49).
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Figure 5 White light and autofluorescence images of the tissue contact sensor laser beam indi-
cating the aiming point of the Raman probe (upper row). White light and autofluorescence mode
with suspected malignant endobronchial disease analyzed by Raman probe (lower row). Source:
Photo courtesy of Dr John Beamis.

D. Literature
A paucity of Raman data exists for lung cancer detection, which is discussed below.
However, RS has been used to identify numerous nonpulmonary tumors such as
stomach, colon, laryngeal, cervical, ovarian, and skin cancers (50-52). In 2000, Ling et
al. investigated a combined total of 40 normal and malignant gastric samples (53).
Malignant molecular bonds differed compared with normal mucosa. Water and protein
variation within malignant tissue may allow RS to detect these differences. Mizuno et al.
performed an ex vivo study with 251 biopsy specimens of gastric carcinoma and normal
mucosa obtained from 49 gastric cancer patients undergoing endoscopy (54). Immediate
Raman measurements were taken and principal component analysis of gastric cancer
and normal tissue completed. Sensitivity, specificity, and accuracy of Raman spectra for
gastric cancer were 66%, 73%, and 70% respectively. Gastric dysplasia has also been
analyzed using RS. In a study conducted by Teh et al., a total of 76 gastric samples in 44
patients undergoing endoscopy or gastric resection were included (55). All specimens
underwent histopathologic examination yielding 55 normal and 21 dysplastic samples.
Diagnostic sensitivity was 85.7% and specificity 80.0%.

RS in colon cancer has been explored. Molckovsky et al. used 54 ex vivo and 10
in vivo colon polyp samples, without normal controls (56). Ex vivo samples included 34
adenomatous and 20 hyperplastic polyps. Spectral algorithms yielded 91% sensitivity
and 95% specificity with 93% accuracy for ex vivo adenomatous polyps. In vivo ade-
nomas were diagnosed with 100% sensitivity, 89% specificity, and 95% accuracy. There
appeared to be a clear distinction between normal and malignant gastric tissue.



High-Resolution Bronchoscopy: Bringing These Modalities into Focus 71

Stone et al. biopsied suspected laryngeal cancer and observed Raman spectral
changes in seven normal, four dysplastic, and four cancer samples (57). Sensitivity and
specificity were 92% and 90% for carcinoma, 76% and 91% for dysplasia, and 83% and
94% for identifying normal tissue.

The largest study involving Raman and lung cancer was described by Yamakazi et
al., in which 35 ex vivo lungs with 210 spectral measurements of normal and cancerous
tissue were performed (58). The majority of cancer types were adenocarcinoma, fol-
lowed by squamous cell, large cell, and adenosquamous carcinomas. All specimens were
naive to cancer treatment. Specimens of 5 mm diameter were excised from native lungs
and Raman measurements obtained from three separate positions in each sample. The
identical procedure was carried out for the noncancerous analysis. Overall sensitivity of
cancer detection was 91%, with 97% specificity. Two unique spectral peaks were
observed at 1448/cm and 1662/cm, signifying the presence of malignant tissue compared
to nonmalignant controls.

These results were further supported by Huang et al. in an ex vivo study com-
prising 28 total bronchial tissue samples from 10 patients with suspected lung cancer
(59). AFB was performed using the LIFE system (Xillix Technologies) and biopsies
obtained from areas displaying abnormal fluorescence signal. Surgical specimens were
also included. Histopathology showed 10 squamous cell carcinoma, 6 adenocarcinoma,
and 12 normal samples. All samples were free from observed necrosis. Although
malignant tissue had several bands discovered by Raman spectra, two peaks were
consistently appreciated. Using a ratio of the two bands, 1445/cm and 1655/cm, tumor
tissue was separated from normal tissue with a sensitivity and specificity of 94% and
92%. Observed Raman signal was stronger with larger tissue samples.

E. Limitations
Raman spectra can provide immediate confirmation of abnormal tissue changes.
However, a large drawback surrounds the small sampling area of the probe and pene-
tration depth. Most newer generation probes are 2.0 mm or less and can investigate
tissue, resulting in rapid spectral analysis. Depth of tumor invasion may not be accu-
rately measured; however, conformation of malignancy, CIS, or dysplasia is feasible.
The optimal number of sample sites that maximize spectral sensitivity is unclear. Probe
size is not an issue with ex vivo studies; however, future in vivo analysis will be more
challenging. It is impossible to scan large areas of bronchial tissue using a miniprobe.
Therefore, Raman cannot provide tumor confirmation without the aid of high-resolution
bronchoscopy tools such as AFB or NBI. Current in vivo studies investigating Raman
combined with AFB may yield promising results.

Accurate sampling requires direct tissue contact without interference from sur-
rounding light. The patient must experience excellent anesthesia to accomplish adequate
sampling in the central airways. Blood, mucous, tissue AF, and mucosal irregularities
can disrupt successful Raman spectral analysis (58).

Human airway tissue AF results from laser light exposure. Most Raman cancer
studies used laser wavelengths of 700 to 800 nm or YAG wavelength of 1064 nm to
cause tissue excitation. Increasing laser wavelength to NIR may improve tissue pene-
tration depth; however, documented changes in AF occur. Kaminaka et al. reported a
reduction in background AF as wavelength approaches the NIR region (60).
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Tumors may exhibit profound necrosis with tissue debris or surface epitheliali-
zation, which sequesters the advancing neoplasm. The ability of RS to distinguish
necrosis or epithelial changes from normal tissue or tumor has not been determined (59).

Initial spectral lung cancer studies described a weak Raman scattering signal and a
need for improved sensitivity of photon counting equipment. As technology of the
Raman technique progresses, catheter and detector advancements may allow routine use
in cancer screening bronchoscopy (58).

F. Conclusions

RS is a tool confined to ongoing research protocols with current in vivo studies under
investigation. The rationale for spectral analysis combined with bronchoscopy has the
potential to add optical biopsy confirmation of malignant or premalignant tissue. The
probe can be integrated into a current endoscopic system and has applications in gas-
trointestinal, dermatologic, and gynecologic subspecialities. Raman is not suited for
independent lung cancer applications but should be considered an option for histo-
pathologic tissue verification once a region of interest is identified. AFB integrated with
RS could improve the specificity and perhaps sensitivity compared with AFB alone.
Spectroscopy will continue to develop into a clinical tool for rapid and noninvasive
diagnosis of lung cancers. Presently the technique could provide an adjunct to AFB +
WLB, directing biopsies for histopathologic investigation of recurrent and primary
preinvasive or invasive bronchial disease.

V. Optical Coherence Tomography

A. Introduction
OCT is a technique for obtaining mucosal and submucosal images at a resolution similar
to low power microscopy (61). OCT uses a laser light source, usually in the NIR range,
capturing reflected images. These images are created by “optical ultrasound” using light
instead of ultrasound waves. This technology has the capability of providing tissue
images with superior resolution to ultrasound or magnetic resonance imaging. Given the
dramatic resolution of OCT images, this technology has a strong potential as a clinical
tool for preinvasive or invasive lung cancer.

B. Background

Initial OCT evolved from white light inferometry used for ocular measurements (62).
Professor Naohiro Tanno developed OCT in 1990 along with Huang in 1991, providing
substantial gains in tissue image resolution and cross-sectional abilities (63-65). Well
suited for ophthalmic applications, this modality has spread to GI, cardiac, vascular, and
pulmonary fields. OCT imaging does not require direct tissue contact unlike
other competing technologies such as ultrasound, FCFM, and RS. Morphologic tissue
imaging is superior to ultrasound, magnetic resonance imaging, spectroscopy, and
FCFM as OCT has 1- to 3-mm penetration depth and advanced resolution of 4 to 15 pm
(66-68). Up to 20-fold increase in resolution is observed with OCT imaging compared
with medical ultrasound (66). Contrasted with conventional interferometry where
interference of laser light occurs over several meters, OCT interference is reduced to
micrometers. Broad bandwidth light is created using short pulse lasers, usually in the
NIR 1000 to 1310 nm range, since longer wavelength light affords deeper tissue
penetration (62,69).
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OCT image construction is based on principles of reflected scattered and coherent
light (70). Scattered light has gone awry and cannot be utilized for imaging. However,
the small amount of reflected coherent light is captured by the OCT optical interfer-
ometer. The interferometer separates incoherent, unusable light and the desired coherent
light, resulting in image generation. It also provides depth and intensity specifics from
the light reflected within cartilage, mucosal, and submucosal layers. Images are stacked,
or built on one another, similar to medical ultrasound. Additionally, images are captured
in real time with speeds up to 10 frames per second.

Imaging depth is 1 to 3 mm, as reflected light traveling greater than 3 mm is
largely incoherent, resulting in image deterioration. Noncontact images are easily
acquired with low laser output without subsequent tissue damage.

C. Literature
Medical OCT applications, first introduced in ophthalmology, included retinal mapping,
retinal artery flow measurements, and a diagnostic tool for diabetic retinopathy (71,72).

OCT has been used in coronary imaging and in support of GI malignancy
detection (73,74). Newer advances in OCT technology have been directed toward
laryngeal disease. In 2005, Wong et al. described a prospective observational study with
115 patients undergoing laryngeal, esophageal, or tracheobronchial endoscopy and OCT
(75). Patients had at least one laryngeal subsite evaluated by OCT, with 60 and
23 patients having laryngeal and vocal chord biopsies, respectively. Malignancy was
confirmed by histopathology in 16 patients. Consistent identification of laryngeal epi-
thelium and lamina propria was observed in normal patients. Exceptional tissue layer
demarcation may further distinguish tumor invasion of the basement membrane in
laryngeal cancer patients. Armstrong et al. studied OCT in 133 patients, 22 of who had a
diagnosis or history of laryngeal cancer (76). All patients underwent endoscopy and
21 patients had tissue biopsies. OCT successfully identified the basement membrane in
those with invasive disease; however, OCT penetration was limited in several cases,
resulting in an incomplete investigation of basement membrane integrity.

More recently, there has been a resurgence of interest in pulmonary OCT applica-
tions. Feasibility studies were initially done on cadaver specimens to provide OCT airway
proof of concept. Costas et al. described an early observational study using OCT in cadaver
epiglottis, vocal chord, trachea, bronchus, and secondary bronchus specimens (77).

Well-delineated epithelium and submucosal structures were identified including
glands, cartilage, and supporting tissue. Except for recent trachea trauma from intuba-
tion, all specimens were considered “normal” tissue without specific pathology. OCT
scanning depth was 2 to 3 mm and resolution 10 to 20 um. As a result, further in vivo
studies of airway pathology would be needed to determine the role of OCT in central
airway disease imaging. Jung et al. performed an animal observational study using OCT
in a septic rabbit model (78). Several rabbits with normal tracheas and those with sepsis-
induced tracheal injury were examined by gross and pathologic specimen collection.
Tissue was imaged by two systems: a moving stage and fiberoptic OCT catheter. OCT
images of normal and septic tracheas exhibited excellent correlation with histopathol-
ogy. Both OCT systems demonstrated equivalent image findings.

Further studies support OCT imaging in pleural and tracheobronchial disease. In a
combined in vivo and ex vivo study, Hanna et al. used a septic rabbit model with
induced pleural and parenchymal tumor implantation and observed OCT findings (79).
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Airway injury was clearly demonstrated by OCT, resulting in observed mucosal
thickening, airway edema, and hyperemia. Pleural tumors were well demarcated by OCT
along with visualized subpleural tumor invasion. Human patients with known or sus-
pected airway disease had in vivo OCT imaging at 1 to 2 mm penetration depth and 20
to 30 pum resolution. Thickened mucosa and disorganized tissue layers identified areas of
suspected tumor.

Similar finding were observed by Whiteman et al. in an ex vivo 15-patient study
(80). All patients underwent lung resection for lung cancer. OCT images were obtained
from gross specimens followed by histopathologic analysis. Across all sections, OCT
imaging penetrated 2 to 3 mm within the tissue with a resolution of 10 pm. OCT clearly
demonstrated discernable tissue layers including epithelium, lamina propria, smooth
muscle, perichondrium, and cartilage. Inflamed tissue was recognized by intact epi-
thelium and lamina propria with difficulty distinguishing deep lamina propria from
cartilage. Absorption of laser light, because of increased vascularity, also reduced image
quality leading to backscatter. Tumor clearly effaced normal tissue boundaries, creating
a disordered multilayer appearance.

Tsuboi et al. (81) described a preliminary study with seven ex vivo human lung
specimens and five in vivo airway cancers imaged by OCT. Ex vivo pathology included
two central squamous cancers and five peripheral adenocarcinomas. In vivo cases
comprised four squamous cancers and one small-cell cancer. Several regions of normal
bronchial mucosa also underwent OCT interrogation. Normal bronchial mucosa and
submucosa appeared homogeneous with increased submucosal reflection largely
resulting from extracellular matrix. Increased scatter occurred in cartilageous areas.
Bronchial walls contained epithelial layers and membranes. In contrast, tumor displayed
uneven backscatter, submucosal thickening, and loss of structure layering. The results
suggest a role for real-time OCT in the clinical evaluation of preinvasive and invasive
central airway cancers.

The largest in vivo study performed by Lam et al. included 138 volunteer heavy
smokers participating in a chemoprevention trial along with 10 known lung cancer
patients (66). All underwent surveillance WLB and AFB using the ONCOLIFE system
(Xillix Technologies). Endobronchial regions with abnormal AF signal had further real-
time imaging by a 1.5-mm OCT probe with 3 mm depth of penetration (Fig. 6). Biopsies
were performed from normal and abnormal sites, allowing for pathologic correlation;
281 OCT images were obtained, including 145 normal/hyperplasia, 61 metaplasia, 39
mild dysplasia, 10 moderated dysplasia, 6 severe dysplasia, 7 CIS, and 13 invasive
malignancies. Quantitative epithelial thickness measurements obtained by OCT were
compared. Invasive cancer significantly differed from CIS and dysplasia differed from
metaplasia and hyperplasia. Darker cellular nuclei were seen in pathology specimens
with moderate dysplasia up to invasive cancer. OCT was unable to determine grades of
dysplasia on the basis of epithelial thickness alone.

D. Conclusion
OCT is a diagnostic tool with the potential to identify preinvasive or invasive lung
cancer. The technique is limited to imaging 1 to 3 mm below the tissue surface; how-
ever, penetration depth is sufficient to detect invasive cancer. OCT image generation
does not require the probe to directly contact tissue, reducing operator error and
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Figure 6 OCT image showing carcinoma (t) with invasion through the epithelium (e) and
basement membrane (bm), resulting in loss of layered structure. Source: Photo courtesy of
Dr Stephen Lam.

improving image quality. Current resolution is remarkable at 10 to 20 um with future
generation systems predicted to improve resolution to 5 um. The low-output laser light
source is not sufficient to cause tissue damage, making OCT a safe adjunct to standard
bronchoscopy. Real-time images are acquired, providing the clinician with rapid tissue
interrogation without significantly extending procedure time. Large airway scanning is
not yet feasible given the 1.5 to 2 mm probes; nevertheless, OCT can be successfully
combined with AFB and WLB. Blood and dense mucous result in image distortion and
poor light penetration into airway tissues. Frequency domain OCT is being developed
that enables faster imaging speeds, while the reduced losses during a single scan
improve the signal-to-noise ratio (82).
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VI. Fibered Confocal Microscopy

A. Introduction
Confocal imaging is partially based on the principles of conventional fluorescence
microscopy. Usually, a light source illuminates the entire specimen. All regions of the
specimen are excited by a light source and a photodetector captures the image. In
contrast, confocal imaging uses pinpoint illumination, eliminating out-of-focus images
(83). Confocal refers to the condition where two lenses are arranged to focus on the same
point. Only focal plane light can be captured, enhancing image quality compared to
conventional microscopy (84). Tissue scanning is required to create a three-dimensional
image, using parallel scanning lines.

B. Background

Initially pioneered by Marvin Minsky in 1955, the confocal technique was later patented
in 1959 (85). Newer FCFM systems can acquire bronchial mucosa tissue images with a
600 x 500-pm field of view, providing visualization of intracellular structures. This
technique is currently employed by cell biologists, gastroenterologists, and dermatolo-
gists, providing vivid images and cellular characteristics of abnormal tissue. Medical
confocal systems use laser scanning microscopes that yield improved image quality and
provide near real-time frame rate speeds of 10 to 15 frames per second. Confocal
microscopy utilizes the natural AF of airway elastin and collagen to obtain exceptional
images of human tracheobronchial and alveolar tissue. Endoscopic FCFM represents a
minimally invasive method to study specific in vivo airway basement membrane
alterations associated with premalignant bronchial lesions. The technique may also be
useful to investigate bronchial wall remodeling in nonmalignant chronic bronchial
diseases and alveolar septal changes in interstitial lung diseases.

C. FCFM Systems )

The only FDA-approved medical FCFM system is Cellvizio® made by Mauna Kea
Technologies (Cambridge, Massachusetts, U.S.). This system adapts to GI or pulmonary
applications, capturing confocal images using a 1.4-mm-diameter pulmonary probe. Field
of view is 600 x 500 pm, with lateral resolution of 10 pum and scanning depth up to
50 pm. Tissue AF is created using a 488-nm laser and images are visualized at 12 frames
per second. For GI applications laser wavelength is 488 or 660 nm and three separate
probes can be chosen with different resolution, size, and tissue penetration depth.

D. Literature
Studies using applied confocal microscopy for medical imaging appeared in the early
1990s. Initially, Koester et al. demonstrated confocal microscopy in optical sectioning
by the use of confocal slits (86). Sectioning allowed the observation of weakly scattered
structures within the cornea. Structures described included epithelial cells, keratocytes,
endothelial cells, nerve fiber bundles, and inflammatory cells. Dermal confocal appli-
cations were described by Rajadhyaksha et al. during an in vivo study involving human
skin (87). Prior to biopsy, normal skin, nevi, and vitiliginous skin were imaged using 400
to 700 nm and 800 to 900 nm light sources. Imaging depth was confined to the
superficial papillary dermis and deep capillaries, respectively. There was good corre-
lation between histology and confocal cellular and morphologic features. Confocal
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microscopy may provide noninvasive optical biopsy information that is rapid and
compares favorably to histopathology.

Cervical tissue has also been interrogated by confocal microscopy. Drezek et al.
used confocal imaging on cervical cells and colposcopically normal and abnormal cervical
biopsy specimens (88). Images were obtained before and after the application of 6% acetic
acid. Observed specimen subcellular image quality was present throughout the epithelial
thickness. Two years later Sung et al. successfully applied an in vivo confocal catheter to
image lip tissue (89). Real-time imaging was possible obtaining data at 15 frames per
second. Cell morphology and tissue architecture were observed at superior resolution.

Microcatheter confocal devices were improved, extending the ability of endo-
scopic applications. In 2004 Rouse reduced the size of an FCFM catheter from 7 mm to
3 mm (90). Tissue image depth was approximated at 25 pum. The catheter was suc-
cessfully tested in an Olympus CF-100L colonoscope (Olympus Optical) with a 3.2-mm-
diameter instrument channel. While confocal microscopy of the GI tract was now
feasible, the size of this catheter did not permit its use in standard bronchoscopes with
2.0- to 2.8-mm working channels.

Confocal exploration in tracheobronchial imaging has recently evolved. In 2004,
Wang et al. used FCFM to image rabbit airway receptors (91). Ten rabbits were sac-
rificed with soft tissues harvested from the trachea and large airways. Confocal imaging
of various receptor types was observed. Imaged tissue layers were identified including
smooth muscle, lamina propria, and epithelium. Airway receptors showed distinct
structural differences determined by tissue layer location. Ex vivo confocal airway
imaging provided detailed morphology of airway tissues and structures.

Bronchoscopy using FCFM has only recently been publicized. In 2006, Thiber-
ville illustrated successful in vivo endoscopic analysis of the bronchial structure using
FCFM (92). He later described the first in vivo study usually a commercially available
FCFM system in 29 high-risk individuals scheduled for bronchoscopy to detect pre-
invasive lesions (93). White light and AFB were performed using the ONCOLIFE
system (Xillix Technologies). AFB was first conducted with subsequent FCFM per-
formed with a 1.4-mm direct contact probe. Five different trachea and bronchial areas
were imaged per patient. A total of 71 and 32 FCFM samples were collected from biopsy
of naive and previous biopsy sites. Five distinct microscopic patterns were described in
the normal areas from the trachea to respiratory bronchi. AF microstructure alterations
were observed in 19 of 22 metaplastic and dysplastic samples and all CIS and invasive
cancers. Disorganization of the fibered network was observed in 1/3 of preinvasive
pathology indicating basement membrane disruption (Fig. 7).

E. Limitations
Image resolution for FCFM is excellent; however, several issues limit routine applica-
tion in pulmonary diseases. As with newly applied technology, FCFM-observed tissue
needs to be accurately described to discern normal and abnormal features. This has been
initiated along with describing images collected from pathologic conditions. Once a
library of image data can be compiled, improvements in FCFM applications can be
constructed. Laser light is of low power and poses no significant injury risk to tissue.
Current pulmonary probes are compatible with bronchoscopes having at least 2.0-mm
working channels. Tissue penetration is superficial and does not allow scanning to the
cartilage which may not be appropriate to investigate and diagnose depth of cancer
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Figure 7 FCFM-observed CIS (left) identified by disorganized pattern with defects in micro-
autofluorescence compared with histopathology (right). Source: Photo courtesy of Dr Luc Thiberville
and Mauna Kea Technologies Inc.

invasion. Since cellular changes in CIS and dysplasia occur less than 1 mm in depth,
FCFM may provide sufficient optical conformation for preinvasive disease. Similar to
OCT and RS, FCFM must be coupled with inspection bronchoscopy, either white light
or a combination of WLB and AFB.

F. Conclusion
The role of FCFM in the diagnosis and posttreatment surveillance for interstitial lung
disease, lung cancer, and alveolar disease remains unclear. Superficial tissue imaging
may be well suited toward identifying premalignant lung disease versus determining
depth of tumor invasion. Pulmonary FCFM applications show promise, but are in the
initial stages of clinical research. This technology must be adapted and synchronized
with AFB surveillance to enhance rapid optical assessment of endobronchial disease.
Current FCFM images are being collected and a library constructed of normal confocal
airway anatomy. The largest publication to date is an observational study with known
pathology and the inability to clearly define specific image criteria, distinguishing dif-
ferent pathologic conditions. In addition, the true extent of confocal image differences
observed in natural airway structure and tissue variations is unknown. Future studies on
high-risk cancer patients may be feasible once applied image criteria are validated in a
large population and compared with biopsy-proven histopathology. FCFM strengths
include excellent resolution, and the potential for real-time optical imaging without
additional patient risk.

Vil. Chapter Conclusion
Current lung cancer screening guidelines strongly discourage sputum cytology, routine
chest X rays and CT scans in high-risk patients who are asymptomatic unless in the
context of a clinical trial (94,95). Bronchoscopy has a well-defined position as a diagnostic
and therapeutic clinical tool. This instrument allows the pulmonary clinician the oppor-
tunity to navigate and detect pathology. The marriage of technology and medicine
continues to stimulate growth of ideas, striving to improve the current lung cancer par-
adigm. Clinical research is gaining momentum, but continued support from device
company-sponsored and investigator-initiated trials is required. This chapter has focused
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on advanced high-resolution imaging modalities that can be delivered by bronchoscopy. It
is unlikely for one modality to establish sole precedence in lung cancer screening.
However, combination high-resolution bronchoscopy has great potential to provide
superior optical tissue images, revealing a window into early cancer pathogenesis.

Success can start by developing a model for cancer detection in high-risk patients
having a history of lung cancer. This model could be applied to surgical cure patients with
early stage lung disease. Postresection radiographic surveillance guidelines are neither
evidence based nor uniform (96,97). Bronchoscopy is not advocated for cancer surveil-
lance in this population. Indeed, future clinical research with high-resolution broncho-
scopy may provide the optimism needed to detect preinvasive malignancy in a patient
population facing a 1% to 4% yearly risk of recurrent cancer (98). To focus on the future
role of high-resolution bronchoscopy, we must reflect on the past. Dr Shigeto Tkeda’s
ideals remain true today. “We will never give up” because, after all, “there is more hope
with the bronchoscope” (99).
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Endoscopic Staging of Lung Cancer
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l. Introduction
Lung cancer is the leading cause of cancer-related death in the Western world (1).
Accurate staging is important to not only determine the prognosis but also decide the
most suitable treatment plan for both operable and inoperable patients with non—small
cell lung cancer (NSCLC) (1). Noninvasive imaging techniques such as computed
tomography (CT) and positron emission tomography (PET) are inaccurate in the diag-
nosis of mediastinal lymph node metastasis (2). The sensitivity and specificity of CT for
identifying mediastinal lymph node metastasis are 51% (range: 47-54%) and 85%
(range: 84-88%), respectively; thus, CT has limited ability to either rule in or exclude
mediastinal metastasis (2). PET scanning is more accurate than CT scanning, with a
pooled sensitivity and specificity of 74% (range: 69-79%) and 85% (range: 82-88%),
respectively (2). Furthermore, distant metastasis can be detected by PET scanning. With
either CT or PET, abnormal findings must be confirmed by tissue biopsy. Surgical
staging by mediastinoscopy, the gold standard for mediastinal staging, has a high sen-
sitivity (80%) and specificity (100%) (3). The false-negative rate of mediastinoscopy is
approximately 10% (3) with even lower rates with video-mediastinoscopy (7%).
However, it is an invasive procedure that requires general anesthesia. Complications
cannot be ignored.

Recent advances in technology have enabled real-time guidance for needle
aspirations of mediastinal lymph nodes during bronchoscopy and esophagoscopy (4).
Endoscopic techniques for mediastinal staging provide a minimally invasive alternative
for surgical staging. In this chapter, the different endoscopic techniques for mediastinal
staging in lung cancer will be discussed in details.

Il. Transbronchial Needle Aspiration

Transbronchial needle aspiration (TBNA is performed through the flexible broncho-
scope under local anesthesia. However, the first report of TBNA was described through
the rigid bronchoscope (5). After the introduction of the flexible needle that could be
used through the flexible bronchoscope (6), the use of TBNA for mediastinal lymph
node sampling using the flexible bronchoscope was first described in 1983 (7-9). The
utility of TBNA for the diagnosis of endobronchial and peripheral lesions has been
confirmed by subsequent publications and now has spread as a useful procedure that can
be performed as an outpatient procedure with no significant morbidity (7-12).

84
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A. Equipment
The needle systems available for TBNA come in different sizes. For cytological
specimens, 20- to 22-gauge needles are usually used. 19-gauge needles are used to
obtain core biopsy for histological examination (13). Flexibility of the bronchoscopes
necessary for TBNA depends on the outer diameter of the TBNA needle and the
diameter of the channel of the bronchoscope.

B. Procedure
Before the procedure, a thorough review of the CT scan is mandatory for the selection of
proper site for needle insertion (14). After localization of landmarks for needle insertion,
the needle catheter is passed through the working channel of the bronchoscope and
guided to the area of interest. The bronchoscope should be kept at a straight position,
with its distal tip in the neutral position to prevent damage to the working channel of the
bronchoscope. The tip of the needle must be secured within the metal hub before passing
it through the channel. The needle is advanced and locked in place after the metal hub is
visible beyond the tip of the bronchoscope. The scope is then advanced to the target area
and the needle is anchored in the tracheobronchial wall into the lymph node. The needle
should be kept as perpendicularly as possible. TBNA can be performed from the hilar
and mediastinal lymph nodes adjacent to the airway (Fig. 1) (15,16).

While the needle is inserted in the lesion, suction is applied and the catheter is
moved up and down. The needle is withdrawn from the lymph node after the suction is
released. The bronchoscope is then straightened and the needle is pulled out of the channel
(16). The aspirated specimen is blown out to the slide using a 50-mL syringe before
smearing it with two slides. Rapid onsite cytologic evaluation of the aspirates improves
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Figure 1 Bronchoscopic view of a transbronchial needle aspiration of a subcarinal lymph node.
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the yield, is cost-effective, and eliminates unnecessary passes during the procedure (17).
For obtaining histology specimen, the 19-gauge needle is oftentimes used.

Penetrating Techniques

Different techniques can be used alone or in combination to penetrate the needle through
the tracheobronchial wall: (i) the “jabbing method,” whereby the bronchoscope is held
stationary while the needle is jabbed forward through the intercartilaginous space; (ii)
the “piggyback method,” whereby the bronchoscope and the needle are moved forward
as a unit; (iii) the “hub against the wall method,” whereby the distal end of the catheter is
placed directly in contact with the airway wall with the needle in the retracted position,
while the needle is pushed out of the catheter for penetration; and (iv) the “cough
method,” whereby the patient is asked to cough while the bronchoscope and needle are
held stationary, which forces the tracheobronchial wall over the needle (16).

C. Results

The diagnostic yield of TBNA for lymph node staging in lung cancer varies greatly in
the published literature with the overall sensitivity of 78%, with values ranging from
14% to 100% (3). The false-negative rate ranges from 0% to 66% with an average of
28%. The specificity and false-positive rate reported are 100% and 0%, respectively.
One of the factors that may explain the wide variety of yield of TBNA may be the
blindness of the procedure preventing target visualization of lymph nodes. The studies of
TBNA in lung cancer staging have generally had a high prevalence of mediastinal lymph
node involvement. The high false-negative rate makes TBNA less useful for staging of
the mediastinum especially in patients without extensive mediastinal involvement.
Therefore, TBNA would probably be the preferred minimal invasive method for patients
with radiographic evidence of enlarged mediastinal lymph nodes adjacent to the airways,
since bronchoscopy is usually performed in lung cancer patients and assessment for
endobronchial lesions can be performed during the same procedure. Positive results are
reliable, but negative TBNA results cannot exclude mediastinal nodal involvement.

D. Complications

Complications following TBNA are uncommon if appropriate precautions are taken.
The literature to date supports the safety of TBNA in lung cancer staging. Furthermore,
mortality related to the procedure has not been described yet. Complications that have
been reported include pneumothorax, pneumomediastinum, hemomediastinum, bacter-
emia, and pericarditis, but these are rare (9,18-20). Although various complications have
been reported, damage to the working channel of the bronchoscope is by far the most
important and major complication.

lll. Endobronchial Ultrasound
Two types of EBUS are available for clinical use during flexible bronchoscopy. The
radial probe EBUS (RP-EBUS) was first introduced in 1992. The miniaturized 20-MHz
radial probe fitted with a catheter that carries a water-inflatable balloon at the tip allows
visualization of detailed images of the surrounding structures as well as the bronchial
wall structure (21,22). By visualization of mediastinal and hilar lymph nodes, EBUS
guidance has increased the yield of TBNA for lymph node staging of lung cancer
(23,24). However because of the nature of the probe, it is not a real-time procedure with
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Figure 2 The radial probe EBUS. (A) 20-MHz miniaturized radial probe (UM-BS20-26R)
inserted through a 2.8-mm working channel of a flexible bronchoscope. (B) The balloon sheath
(MAJ-643R) on the tip inflated with water.

target visualization. The convex probe EBUS (CP-EBUS) was first described in 2004
(25). The bronchoscope integrated with a linear scanning ultrasound transducer allows
real-time EBUS-guided TBNA (EBUS-TBNA) under direct ultrasound guidance.
Multiple studies have shown the usefulness of EBUS-TBNA in the assessment of
mediastinal and/or hilar lymph nodes, especially for staging of lung cancer (25-33). The
results of the use of the two types of EBUS in mediastinal lymph node staging will be
discussed in this section.

A. Radial Probe EBUS-Guided TBNA

Equipment
The miniaturized 20-MHz radial probe EBUS (UM-BS20-26R, Olympus Medical
Systems Corporation, Tokyo, Japan) fitted with a catheter that carries a water-inflatable
balloon at the tip (Fig. 2) is used for the assessment of central airways. The probe rotates
360° to obtain detailed images of the surrounding structures as well as the bronchial wall
structure. The 20-MHz EBUS has a resolution of less than 1 mm and a penetration of 5
cm. The probe can be used from the trachea to the subsegmental bronchus. A bron-
choscope with a working channel of 2.8 mm is necessary for using this probe.

Smaller ultraminiature radial probes are also available for detection of peripheral
lung nodules (UM-S20-17S, Olympus Medical Systems). It is also a 20-MHz radial
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probe that has an external diameter of 1.4 mm. The probe is placed into a guide sheath
(GS) and the GS-covered probe can be inserted into a 2.0-mm working channel of a
regular flexible bronchoscope.

Procedure

Prior to the procedure, the radial probe is fitted with the balloon catheter and primed
with a 20-mL syringe filled with normal saline. Air bubbles must be discarded from the
balloon to assure clear ultrasound imaging. After observation of the airway with the
bronchoscope with a 2.8-mm working channel, the lesion of interest is located. The
radial probe EBUS fitted with the balloon catheter is inserted through the working
channel. The probe is positioned near the target area and the balloon is filled with saline
in order to obtain full contact with the airway. It is important for the bronchoscopist to
understand the anatomy of the mediastinum in order to understand the EBUS image and
also to identify the lymph node station they are looking at. A 360° EBUS image is
obtained with the anechoic space of the saline-filled balloon in the center. Detailed
images of the parabronchial structures such as lymph nodes and vessels as well as the
airway structure are obtained. Once the lymph node of interest is identified, the probe is
removed and a needle is inserted through the working channel to perform TBNA. The
radial EBUS assists the bronchoscopist for visualization of lymph nodes prior to TBNA,
but the actual TBNA is a blind procedure (23,24).

Results
The indications for the radial probe EBUS-guided TBNA is similar to the conventional
TBNA. Two important studies have been reported on the use of the radial probe EBUS
for lymph node assessment. The first report enrolled 242 patients for the diagnosis of
enlarged lymph nodes and cancer staging (23). Lymph nodes were successfully sampled
in 86% of the cases that were independent of lymph node size and location. Diagnosis
was obtained in 72% without complications (23). A randomized study comparing the
yield of TBNA under EBUS guidance to conventional TBNA showed that the overall
yield of EBUS-guided TBNA was higher compared to conventional TBNA (85% vs.
66%) (24). Patients with subcarinal lymph nodes (group A) were additionally
randomized and analyzed separately from all other lymph node stations (group B). In
group A, the yield of conventional TBNA was 74% compared to 86% in the EBUS-
guided group, and there were no significant difference between the two procedures.
However in group B, the yield of conventional TBNA (58%) was significantly improved
to 84% by using EBUS guidance.

Although the yield of TBNA can be improved by the use of the radial probe
EBUS, patients included in the studies generally had enlarged mediastinal lymph nodes.
As so with conventional TBNA, negative results should still be confirmed by other
staging procedures. The experience with this technique is limited to only a few centers,
and whether it can be applied to normal-sized nodes is not known.

B. Convex Probe EBUS-Guided TBNA (Real-Time EBUS-TBNA)
Equipment
The convex probe endobronchial ultrasound (CP-EBUS), an ultrasound puncture
bronchoscope with a 7.5-MHz convex transducer placed at the tip of a flexible bron-
choscope (BF-UC160F-OLS8, Olympus Medical Systems), is used to perform real-time
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Figure 3 Tip of the convex probe endobronchial ultrasound (CP-EBUS, BF-UC160F-OLS8,
Olympus Medical Systems). The outer diameter of the insertion tube of the flexible bronchoscope
is 6.2 mm. CP-EBUS has a linear curved array ultrasonic transducer of 7.5 MHz. The balloon
attached to the tip of the bronchoscope is inflated with normal saline. The dedicated 22-gauge
TBNA needle is inserted through the working channel.

EBUS-TBNA (Fig. 3). The CP-EBUS is a linear curved array transducer that scans
parallel to the insertion direction of the bronchoscope. Images can be obtained by
directly contacting the probe or attaching a balloon on the tip and inflating with saline.
The outer diameter of the insertion tube of the CP-EBUS is 6.2 mm and that of the tip is
6.9 mm. The angle of view is 80° and the direction of view is 35° forward oblique. With
the built-in CCD in the control section, it allows sharp images similar to those of regular
video bronchoscopes. The inner diameter of the instrument channel is 2.0 mm.

The ultrasound image is processed in a dedicated ultrasound processor (EU-C60/
EUC2000, Olympus Medical Systems). The display mode includes the B-mode as well
as the Color Power Doppler mode. The display range covers 2 to 24 cm. The ultrasound
images can be frozen and the size of lesions can be measured in two dimensions by the
placement of cursors. The area and the circumference enclosed by calliper tracking can
be measured as well.

The dedicated 22-gauge needle is used to perform EBUS-TBNA (Fig. 4). This
needle has various adjuster knobs that work as a safety device to prevent damage of the
channel. The maximum extruding stroke is 40 mm, and to prevent excessive protrusion,
a safety mechanism stops the needle at the stroke of 20 mm. The needle is also equipped
with an internal sheath that is withdrawn after passing the bronchial wall, avoiding
contamination during EBUS-TBNA. This internal sheath is also used to clear out the tip
of the needle after passing the bronchial wall.
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Figure 4 The dedicated 22-gauge TBNA needle attached onto the convex probe endobronchial
ultrasound.

Procedure
EBUS-TBNA can be performed on an outpatient basis under conscious sedation. The
bronchoscope is usually inserted orally, since the ultrasound probe on the tip will limit
nasal insertion. Some investigators prefer the use of the endotracheal tube or rigid
bronchoscopy under general anesthesia. An endotracheal tube larger or equal to size 8 is
required because of the size of the EBUS-TBNA scope. The disadvantage of the
endotracheal tube is that it causes the bronchoscope to lie in the central position within
the airway that creates difficulty to bring its tip in proximity to the trachea or bronchus.

After achieving local anesthesia and conscious sedation, the CP-EBUS is inserted
orally into the trachea. Once the bronchoscope is introduced into the airway until the
desired position is reached for EBUS imaging, 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 onto the airway. Ultrasonically visible vascular landmarks are
used to identify the specific lymph node stations according to the Mountain classifi-
cation system (12). The Doppler mode is used to confirm and identify surrounding
vessels as well as the blood flow within lymph nodes (Fig. 5).

Once the lymph node of interest is identified, the dedicated 22-gauge TBNA needle
is fastened onto the working channel of the bronchoscope. The sheath adjuster knob is
loosened and the length of the sheath is adjusted so that the sheath can be visualized on
endoscopic image. The tip of the bronchoscope is flexed up for contact and the lymph
node is visualized again on ultrasound image. After the needle adjuster knob is loosened,
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Figure 5 Representative cases of EBUS-TBNA. (A) EBUS image of enlarged right lower para-
tracheal lymph node (#4R) and SVC. (B) EBUS-TBNA of lymph node station #4R. The needle can
be seen within the lymph node. (C) EBUS image of enlarged left lower paratracheal lymph node
(#4L) between the aorta and pulmonary artery (PA). (D) EBUS-TBNA of lymph node station #4L.

EBUS-TBNA can be performed. In case a cartilage ring is encountered during TBNA, the
bronchoscope is moved a little bit up or down so that the needle will go through the
intercartilage space. After the initial puncture, the internal stylet is used to clear out
the internal lumen, which may become clogged with bronchial membrane. The internal
stylet is then removed and negative pressure is applied with the VacLok™ syringe. After
the needle is moved back and forth inside the lymph node, the needle is retrieved and the
internal stylet is used once again to push out the histological core. With this method,
histological cores as well as cytological specimens can be obtained. The aspirated material
is smeared onto glass slides, and smears are air-dried and immediately stained using Diff-
Quik for immediate interpretation by an onsite cytopathologist to confirm adequate cell
material. Furthermore, Papanicolaou staining and light microscopy is performed. Histo-
logical cores are fixed with formalin and stained with hematoxylin and eosin. Immuno-
histochemistry can also be performed if needed (26). All of the mediastinal lymph nodes
except for the subaortic and paraesophageal lymph nodes (stations 5, 6, 8, and 9) are
assessable by EBUS-TBNA (12). To avoid contamination and upstaging, EBUS-TBNA
should be performed from the N3 nodes, followed by N2 nodes and N1 nodes.
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Results
Ever since the first report of EBUS-TBNA in 2004 (25), this minimally invasive
approach for the sampling of the mediastinum has gradually spread into the clinical
practice of pulmonologists as well as thoracic surgeons. Case series of EBUS-TBNA for
lymph node staging in lung cancer have reported a high yield ranging from 89% to 98%
(25-32). The first article to report the diagnostic yield of EBUS-TBNA in a prospective
study for mediastinal staging of lung cancer showed not only the high yield and safety of
the procedure, but also the impact of this procedure in patient management (28). In 105
patients, EBUS-TBNA was successfully performed to obtain samples from 163 lymph
nodes. With respect to the correct prediction of lymph node stage, EBUS-TBNA had a
diagnostic accuracy rate of 96.3%. In the 20 suspected lung cancer cases, mediastinal
lymph node was used for tissue diagnosis of malignancy as well as staging. In addition,
as a result of EBUS-TBNA, 29 mediastinoscopies, 8 thoracotomies, 4 VATS, and 9 CT-
guided PCNB were avoided. EBUS-TBNA spared invasive staging procedures that had a
major impact on patient management in lung cancer.

A study comparing EBUS-TBNA to conventional imaging for lymph node staging
of lung cancer showed a high yield by the use of the CP-EBUS (29). One hundred and two
potentially operable patients with proven (n = 96) or radiologically suspected (n = 6) lung
cancer were included in the study. CT, PET, and EBUS-TBNA were performed prior to
surgery for the evaluation of mediastinal and hilar lymph node metastasis. EBUS-TBNA
was successfully performed in all 102 patients from 147 mediastinal and 53 hilar lymph
nodes. The sensitivities of CT, PET, and EBUS-TBNA for the correct diagnosis of
mediastinal and hilar lymph node staging were 76.9%, 80.0%, and 92.3%, respectively.
Specificities were 55.3%, 70.1%, and 100%. The diagnostic accuracies were 60.8%,
72.5%, and 98.0%. EBUS-TBNA was proven to have a high sensitivity as well as spe-
cificity compared to CT or PET, for mediastinal staging in patients with potentially
resectable lung cancer.

The largest study to date looked at the yield of EBUS-TBNA in 502 patients with
lung cancer and enlarged mediastinal nodes on CT (30). A total of 572 lymph nodes
were punctured and 535 (94%) resulted in a diagnosis. In this series, a sensitivity of 94%
and specificity of 100% for mediastinal staging was reported. From the evidence, EBUS-
TBNA has been newly introduced in the ACCP Evidence-Based Practice Guideline
(second edition) for invasive staging of lung cancer (3).

Although the reported yield of EBUS-TBNA is high and similar to the “gold
standard” mediastinoscopy, there have been no studies directly comparing the media-
stinoscopy and EBUS-TBNA for lymph node staging. There is an ongoing prospective
trial comparing the yield of mediastinoscopy and EBUS-TBNA for mediastinal lymph
node staging in patients with confirmed or suspected lung cancer (33). Patients with
resectable lung cancer who require a mediastinoscopy for mediastinal staging underwent
EBUS-TBNA followed by mediastinoscopy under general anesthesia in the same set-
ting. The diagnostic yield was compared between the two procedures. Out of 45 patients
enrolled in the study, the diagnostic accuracy of EBUS-TBNA and mediastinoscopy for
analysis of each lymph node stations were 95.6% and 96.6%. The sensitivity, specificity,
and diagnostic accuracy for the correct mediastinal lymph node staging for EBUS-
TBNA and mediastinoscopy were 76.9%, 100%, and 90.9%, and 84.6%, 100%, and
93.9% respectively. These preliminary results show that EBUS-TBNA may reduce the
number of mediastinoscopy needed for the staging of the mediastinum in NSCLC.
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However, because of the possibility of false-negative EBUS-TBNA results, it is not clear
that EBUS-TBNA will completely replace mediastinoscopy for mediastinal staging.

Complications related to EBUS-TBNA are similar to those of conventional TBNA
including pneumothorax, pneumomediastinum, hemomediastinum, mediastinitis, bac-
teremia, and pericarditis. We have not encountered complications related to EBUS-
TBNA, and to date there are no major complications reported in the literature. Although
EBUS has enabled the bronchoscopist to see beyond the airway, one must be aware of
the possible complications related to the procedure.

IV. Endoscopic Ultrasound-Guided Fine-Needle Aspiration
Endoscopic ultrasound-guided fine-needle aspiration (EUS-FNA) offers a minimally
invasive method of examining the posterior and inferior mediastinum in patients with lung
cancer. Established as a modality to evaluate the mediastinum in the early 1990s, the role of
EUS-FNA in NSCLC staging continues to evolve (34-39). The EUS scope has an ultrasound
transducer on the tip that allows ultrasound imaging of structures adjacent to the gastroin-
testinal tract. The mediastinal levels that are accessible include the lower paratracheal to the
left (station 4L), subcarinal (station 7), paraesophageal (station 8), and inferior pulmonary
ligament (station 9). Upper paratracheal (station 2) and lower paratracheal to the right
(station 4R) oftentimes cannot be assessed by EUS because of the anatomy.

A. Procedure and Results
The curved linear array transducers from various companies are available for performing
EUS-FNA (Fig. 6). Dedicated 22-gauge needles are usually used, but smaller (25-gauge)
and larger (19-gauge) needles are available. EUS-FNA is an outpatient procedure that is
performed under conscious sedation. The dedicated fine aspiration needle is passed

Figure 6 (A) The convex probe endobronchial ultrasound and (B) the linear transoesophageal
ultrasound-guided fine-needle aspiration scope.
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Figure 7 Representative cases of EUS-FNA. (A) EUS image of the left upper paratracheal lymph node
(#2L). (B) EUS image of the left lower paratracheal lymph node (#4L) between the ascending aorta (AA)
and the pulmonary artery (PA). (C) EUS image of the subcarinal lymph node (#7) along the pulmonary
artery (PA). (D) EUS image of the paraesophageal lymph node (#8) along the left atrium (LA).

through a working channel and directed into the target under real-time ultrasonography
(Fig. 7). There is direct visualization of the needle during the aspiration. The overall risk
of EUS-FNA is approximately 0.5% and may include perforation of the bowel wall or
posterior pharynx, infection, hemorrhage, and cardiac or respiratory complications
related to the sedation medications (40).

The role of EUS-FNA in the lymph node staging and diagnosis of NSCLC has
been well documented by multiple authors. In a meta-analysis of 14 studies, the sen-
sitivity and specificity of EUS-FNA for the diagnosis of posterior mediastinal lym-
phadenopathy in NSCLC were 81% to 97% and 83% to 100%, respectively (41). As a
result of EUS-FNA, surgical staging procedures such as mediastinoscopies and thor-
acotomies can be avoided (38). However the major drawback of EUS-FNA is the high
false-negative rate. This is probably due to sampling errors or technical difficulties of
small-sized lymph nodes. Therefore, EUS-FNA should be performed primarily on
patients with radiologic evidence of mediastinal lymphadenopathy.
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V. Conclusion

Accurate lymph node staging remains essential for management of patients with
NSCLC. The recent developments in endoscopy have changed the accuracy and safety
of mediastinal staging. Conventional TBNA should be performed during routine bron-
choscopy for the diagnosis of enlarged lymph nodes. For tissue sampling of mediastinal
and hilar nodes after a negative TBNA, EBUS-TBNA or EUS-FNA should be performed
depending on the target lymph node stations. For sampling of the highest mediastinal,
paratracheal, subcarinal, or hilar lymph nodes, EBUS-TBNA is ideal. For lower
mediastinal lymph nodes (stations 8 or 9), EUS-FNA should be performed. Either
EBUS-TBNA or EUS-FNA is capable of sampling the aortic nodes (stations 5 and 6).
Therefore, other invasive procedures such as VATS, extended mediastinoscopy, or
thoracoctomy should be performed for the assessment of lymph nodes outside the reach
of EBUS-TBNA or EUS-FNA. If a result from cytology is negative for malignancy from
either EBUS-TBNA or EUS-FNA, other staging modalities should be considered for
confirmation of the absence of mediastinal involvement, since there is yet no direct
comparison of endoscopic staging with the “gold standard” mediastinoscopy. However,
without any doubt, the minimally invasive endoscopic methods of EBUS-TBNA and
EUS-FNA will significantly reduce the need for surgical staging of lung cancer.

Summary

Tissue diagnosis of mediastinal lymph nodes is oftentimes needed for accurate lymph
node staging in lung cancer. Endoscopic staging is a minimally invasive procedure that
utilizes fine-needle aspiration for sampling of mediastinal and hilar lymph nodes.
Transbronchial needle aspiration (TBNA) is a well-known procedure performed through
the working channel of a flexible bronchoscope. It is a safe procedure that has a high
impact on patient management. Despite its proven usefulness, TBNA remains to be
underused among pulmonologists for various reasons. Lack of real-time needle visual-
ization is one of the important factors that affect the yield of TBNA. The introduction of
new technology, especially endoscopes with built-in ultrasound on the tip, has overcome
these problems. Endobronchial ultrasound-guided TBNA (EBUS-TBNA) using the con-
vex probe EBUS allows direct real-time TBNA under ultrasound guidance. The reach of
EBUS-TBNA is similar to mediastinoscopy, the gold standard of surgical staging, but
extends to the hilar lymph nodes. Paraesophageal and pulmonary ligament lymph nodes
can be assessed by transesophageal ultrasound—guided fine-needle aspiration (EUS-FNA).
The reach of EBUS-TBNA and EUS-FNA is complementary for assessing the different
parts of the mediastinum, and recent studies suggest that the majority of the mediastinum
can be staged by the combination of both procedures. Anatomically, the aortopulmonary
and para-aortic lymph nodes cannot be assessed endoscopically, but need to be
approached by other methods such as video-assisted thoracoscopic surgery (VATS).
Nevertheless, the minimally invasive endoscopic methods of EBUS-TBNA and EUS-FNA
will significantly reduce the need for surgical staging of lung cancer.
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I. Introduction
Diseases of the pleura and the pleural space constitute a common problem in the field of
chest medicine. The cause of pleural pathology—whether pleural thickening, pleural
effusion, or pneumothorax—can generally be determined after obtaining a detailed
history, radiographic imaging, and laboratory testing of aspirated pleural fluid. However,
after initial evaluation, including thoracentesis and closed pleural biopsy, up to 25% of
pleural diseases remains undiagnosed (1-5). Medical thoracoscopy is a useful diagnostic
tool for these cases. In this chapter we will review the role of medical thoracoscopy, also
called “pleuroscopy,” in the diagnosis of pleural disorders of unclear etiology; we will
discuss indications, diagnostic yield, limitations, and biopsy techniques. Medical thor-
acoscopy is also a useful therapeutic tool to achieve pleurodesis in conditions such as
malignant pleural effusion (MPE) and spontaneous pneumothorax; we will discuss
thoracoscopic talc poudrage, which is the most commonly used method for pleurodesis.

ll. Diagnostic Uses of Medical Thoracoscopy

A. Indications for Diagnostic Medical Thoracoscopy
Common indications for diagnostic medical thoracoscopy are listed in Table 1 and are
discussed in detail in subsequent sections of this chapter. The most frequent diagnostic
indication for thoracoscopy is an unexplained recurrent or persistent pleural effusion,
usually an exudative effusion, for which thoracentesis and (if used) closed pleural biopsy
have been nondiagnostic (6-15). Pleuroscopy is particularly helpful in diagnosing
MPEs. In cases of suspected mesothelioma, for example, the diagnosis can be difficult
by cytological examination of pleural fluid and histological examination of the small
samples obtained by closed-needle pleural biopsy. Medical thoracoscopy improves the
diagnostic yield for mesothelioma to above 90% (6,16-19). Pleuroscopy can be used in
patients with known bronchogenic carcinoma who have cytologically negative pleural
effusions. Since only 6% of such patients will have completely resectable tumors (20),
medical thoracoscopy can be used to identify the small group who could potentially
benefit from surgical resection while preventing surgery for the majority with unre-
sectable disease. Since the diagnostic yield of a closed-needle biopsy is 70% to 90% for
tuberculous effusions (21-24), medical thoracoscopy is usually unnecessary to establish
the diagnosis. Thoracoscopy may be useful, however, in difficult diagnostic situations,

98



Medical Thoracoscopy 99

Table 1 Indications for Diagnostic Medical Thoracoscopy

Recurrent or persistent exudative pleural effusions that have eluded diagnosis by other means
Suspected mesothelioma

Cytologically negative pleural effusion in a patient with known bronchogenic carcinoma
Suspected tuberculous pleural effusion not diagnosed after thoracentesis and closed pleural biopsy
Chest wall or pleural-based mass

Pleural thickening

Recurrent spontaneous pneumothorax

Interstitial lung disease

when lysis of adhesions is necessary or when larger amounts of tissue are necessary for
determining drug resistance (25). Less common indications for medical thoracoscopy
include the presence of a chest wall or pleural-based mass and pleural thickening
without associated pleural effusions. In cases of recurrent spontaneous pneumothorax,
thoracoscopy can be done to help determine the cause of the pneumothorax, to assess for
the presence of blebs or bullae in the affected lung, and to plan treatment (26-28).
Finally, while lung tissue is generally obtained by transbronchial biopsy or by the
thoracic surgeons using video-assisted thoracic surgery (VATS), authors have reported
the use of medical thoracoscopy to obtain lung tissue in patients with interstitial lung
diseases (3,29-31).

B. Medical Thoracoscopy in the Diagnosis of Pleural Effusions of
Unknown Etiology

Pleural effusions are a common problem worldwide with an annual incidence in the
United States alone of approximately one million patients per year (2). The possible
causes of pleural effusions are numerous (1,2,32), but the etiology in a particular patient
can be determined without the need for medical thoracoscopy in most cases. Indeed,
thoracentesis, a minimally invasive procedure, remains the most useful procedure for
defining the cause of a pleural effusion. Pleural fluid cellularity, appearance, and
chemistry, along with the clinical presentation, can be used to establish a presumptive or
definitive diagnosis in about 75% of patients (33). When no diagnosis has been obtained
after an initial thoracentesis that includes a pleural fluid marker for tuberculosis and
cytology, the next steps may include observation, bronchoscopy, closed-needle biopsy of
the parietal pleura, and medical thoracoscopy (34). Bronchoscopy is useful in revealing
the cause of a pleural effusion only if there is a concomitant parenchymal infiltrate,
hemoptysis, massive effusion, or mediastinal shift toward the side of the effusion
(35,36). While closed-needle biopsy of the pleura has been considered an important
diagnostic tool since its first description in 1955, its role in today’s practice is dimin-
ishing because of the availability of medical thoracoscopy (21,22,37). In fact, it is no
longer required for pulmonary medicine training programs in the United States to teach
the technique of closed-needle pleural biopsy to trainees (38,39). Despite its waning
popularity, it is still a useful technique to diagnose pleural tuberculosis since the
diagnostic yield is over 75% (39).

Studies describing the diagnostic yield of medical thoracoscopy consistently show
an improvement in the yield, compared with thoracentesis and closed pleural biopsy
(Table 2). Loddenkemper et al. (25) prospectively compared the yield of pleural fluid
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Table2 Studies Reporting the Diagnostic Yield of Medical Thoracoscopy for Pleural Effusions of

Unknown Etiology

Number Yield of thoracentesis (T)
Authors (ref) Year of cases Diagnostic yield and/or CPB
Canto et al. (7) 1977 172 94% for MPE All cases previously
undiagnosed after T
CPB not mentioned
Loddenkemper 1978 100 96% for TB or T and CPB: 73% for TB or
et al. (25) MPE MPE
Oldenburg and 1979 38 88% T: All 38 nondiagnostic
Newhouse (51) CPB: 16%
Boutin et al. (6) 1981 215 87.3% for MPE T: 23% for MPE
CPB: 40% for MPE
Enk and Viskum 1981 387 80.1% for MPE T: 62% for MPE
(40) CPB not mentioned
Martensson et al. 1985 334 80% for MPE T: 43% for MPE
41) [thoracoscopy revealed
tumor in 37 of 47 (79%)
with MPE and negative
cytology]
Menzies and 1991 86 96% (44% MPE  All had been undiagnosed
Charbonneau and 52% after T and CPB
(11) benign
disease)
Hansen et al. (52) 1998 136 90.4% All had been undiagnosed
after three thoracenteses
Wilsher and Veale 1998 58 80% overall All patients had been
(15) 90% if only those undiagnosed after T and
in whom full CPB
pleural access
was achieved
(51 patients)
Blanc et al. (42) 2002 149 93.3% CPB: 25%
Munavvar et al. (43) 2007 54 90.7% T: All 54 nondiagnostic
Lee et al. (44) 2007 51 96% T: All 51 nondiagnostic

Studies in which thoracoscopy was performed using general anesthesia were excluded.

Abbreviations: CPB, closed-needle pleural biopsy; MPE, malignant pleural effusions; TB, tuberculous
effusions.

analysis and closed pleural biopsy with that of thoracoscopy in 100 patients. Of the 67
patients with either tuberculous effusions or MPEs, the yield for pleuroscopy was 96%
versus 73% for pleural fluid analysis and closed pleural biopsy. Boutin et al. (6) found a
sensitivity of 87% in the diagnosis of 150 MPEs compared to 23% for pleural fluid
cytology and 40% for closed-needle biopsy. In a large retrospective study, Enk and
Viskum (40) found that of the 387 patients undergoing medical thoracoscopy for pleural
effusions, 171 had MPEs. In these patients the yield by pleuroscopy was 80%, compared
to 62% by pleural fluid cytology examination. Martensson et al. (41) reported a sensi-
tivity of 80% for MPE and noted that thoracoscopy revealed tumor in 37 of 47 patients
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(79%) with MPE and negative cytology. Menzies and Charbonneau (11) performed
pleuroscopy on 86 patients with pleural effusions undiagnosed after thoracentesis and
pleural biopsy. Thirty-eight patients (44%) were diagnosed with cancer and 45 patients
(52%) were diagnosed with benign diseases after medical thoracoscopy. The authors
reported a sensitivity of 91% and a specificity of 100%. Blanc et al. (42) retrospectively
compared the yield of closed-needle pleural biopsy with medical thoracoscopy and
found that thoracoscopy yielded a precise diagnosis in 43 of 90 cases (48%) in which
prior closed pleural biopsy was nondiagnostic and corrected the diagnosis given by
needle biopsy in 11 of 30 patients (37%) thought to have pleural malignancy. Diagnostic
yields of 91% and 96% were recently reported using a semirigid thoracoscope by
Munavvar (43) and Lee (44), respectively. The data in these studies (Table 2) revealed
diagnostic yields of 80% to 96% for exudative pleural effusions of unknown etiology
and therefore support the use of medical thoracoscopy in evaluating pleural effusions
that remain undiagnosed after the performance of thoracentesis and closed-needle
pleural biopsy.

The increased diagnostic yield of medical thoracoscopy compared with pleural
fluid cytology and closed-needle pleural biopsy is explainable by the improved visu-
alization (Fig. 1) and larger biopsy sample size attained during pleuroscopy (3,34).
Cytological examination of the pleural fluid may fail to diagnose a MPE either because
there is insufficient exfoliation of cells from the pleural surfaces into the pleural effusion
or because there is a lack of cytological characteristics in the collected fluid to make an
accurate diagnosis. The closed-needle pleural biopsy technique is limited by restricted
access and lack of direct visualization of the target lesions. In patients with metastatic
pleural disease, 32% to 47% have disease inaccessible to closed-needle biopsy (3).
Canto et al. (45) reported that of 78 patients with proven metastatic disease to the pleura,

Figure 1 Normal pleura in a patient with a primary spontaneous pneumothorax.
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only 53% had involvement of costoparietal pleural areas accessible to closed-needle
pleural biopsy. These investigators also reported that in 84% of patients studied, the
metastases were in the lower hemithorax, on the lung surface, or the diaphragm, and
were poorly accessible or totally inaccessible to closed-needle biopsy (45-47). In
autopsy studies, investigators have reported that the parietal pleura is less frequently
involved with metastatic pleural disease than the visceral pleura (48,49). Medical
thoracoscopy can overcome these limitations because of the direct access to the pleural
cavity, visualization of both the parietal and visceral pleura, and larger sizes of the
biopsy samples. If full visualization of the pleural space is not achieved during thor-
acoscopy, the diagnostic accuracy of the procedure greatly diminishes (15,42).

C. Medical Thoracoscopy in the Diagnosis of Malignant Pleural
Effusions

Malignant Pleural Effusions: Carcinoma Metastatic to the Pleura
Malignant disease involving the pleura is the second leading cause of exudative pleural
effusions after parapneumonic effusions and has an incidence in the United States of more
than 150,000 cases annually (2). Lung cancer, breast cancer, lymphoma, and ovarian
cancer account for approximately 80% of tumors metastatic to the pleura (50). Other types
of neoplasms that can metastasize to the visceral or parietal pleura include sarcoma,
melanoma, and carcinomas of the uterus, cervix, stomach, colon, pancreas and bladder;
the primary site of malignancy is unknown in about 6% of cases (50) (Figs. 2-5). The
suspicion for MPE represents the leading diagnostic indication for medical thoracoscopy
(9). The yield for diagnosing MPE by medical thoracoscopy ranged from 80% to 96% in
reported series (6,7,11,15,25,40,41,51,52). Loddenkemper reported that the combined
yield for pleural fluid cytology, closed-needle pleural biopsy, and medical thoracoscopy
was 97% (9).

Figure2 Parietal pleura studded with metastatic lung cancer. Anthracotic pigment can be seen on
the lung surface. A chest tube is visible in the lower right of the figure.
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Figure 3 Metastatic adenocarcinoma of breast origin involving the parietal pleura. Pleural fluid is
present.

Figure 4 Metastatic melanoma involving the parietal pleura with hyperpigmented lesions. A
needle used for instilling lidocaine prior to chest tube insertion is visible.

The main advantage of pleuroscopy is its ability to achieve early diagnosis of
MPE when pleural fluid cytology and CPB have failed. It allows inspection of
approximately 75% of the visceral pleural surface as well as of the parietal pleural
surface. Boutin reported that in 85% of patients with MPE, thoracoscopy revealed visual
features suggestive of malignancy, including nodules, polypoid lesions, localized
masses, thickened pleural surface, and poorly vascularized pachypleuritis (53). Since
appearances can be misleading—some malignancies may appear inflammatory while
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Figure 5 Single metastatic deposit on the pleural surface of a patient with a malignant pleural
effusion from breast cancer.

some inflammatory lesions can look like tumors—macroscopic diagnoses must always
be confirmed by histology. Biopsies can be visually directed in instances where tumor
deposits appear to be localized. In addition, biopsy specimens can be obtained from
multiple sites and are of greater size and depth, factors that improve the diagnostic yield
(11). The larger sample sizes increases the ability of the pathologist to make an accurate
diagnosis; the pathologist, for example, can better differentiate malignant mesothelioma
from adenocarcinoma and can perform special studies such as hormone receptor assays
or genetic marker studies on the tissue.

Malignant Pleural Effusions: Mesothelioma

In the past, pathologists found it difficult to make a definitive diagnosis of malignant
mesothelioma without large samples obtained during open thoracotomy or autopsy. As the
incidence of the disease has increased and with the availability of immunohistochemistry
techniques, pathologists are better able to make the diagnosis. By permitting direct
visualization of lesions, pleuroscopy facilitates the choice of biopsy sites and allows
accurate assessment of the degree of involvement of the diaphragmatic, parietal, visceral,
and mediastinal pleura (54) (Fig. 6). Boutin reported a sensitivity of thoracoscopy biopsy
of 98% (185 of 188 patients) for the diagnosis of malignant mesothelioma, compared with
28% (49 of 175 patients) for pleural fluid cytology, 24% (33 of 135 patients) for closed-
needle pleural biopsy, and 100% (9 of 9 patients) for surgical biopsy (17,18).

D. Medical Thoracoscopy in the Diagnosis of Tuberculous
Pleural Effusions
Since tuberculous pleural effusions can be diagnosed in 70% to 90% of cases with
pleural fluid analysis and closed-needle pleural biopsy (25), including culture for
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Figure 6 Diffuse involvement of the parietal pleura with malignant mesothelioma.

Mycobacterium tuberculosis, medical thoracoscopy is usually unnecessary to establish
the diagnosis. Indeed, Boutin et al. reported that in their experience thoracoscopy played
no significant role in the diagnosis of this disease and that the discovery of tuberculous
granulomata on thoracoscopy biopsy was usually fortuitous (53). They nonetheless
described the endoscopic appearance as a grayish white thickening of the whole parietal
and diaphragmatic pleura, particularly along the costovertebral gutter (Fig. 7). Lod-
denkemper reported a diagnostic yield of 93% (30 of 32 patients) based on histology
and/or culture with pleuroscopy alone and 97% (31 of 32 patients) with pleural fluid
analysis plus pleuroscopy, compared with 84% (27 of 32 patients) with pleural fluid
analysis plus closed-needle pleural biopsy (25).

e

Figure 7 Characteristic grayish white thickening of the parietal pleura and diaphragmatic pleura
seen in tuberculous pleurisy. Note the presence of adhesions.



106 Villanueva and Gonzalez

E. Medical Thoracoscopy in Differentiating Benign from Malignant
Causes of Pleural Effusions

In cases of pleural effusions that are neither malignant nor tuberculous, thoracoscopy
may provide clues to the etiology. For example, hyaline and calcified asbestos pleural
plaques have distinctive endoscopic characteristics, appearing smooth and white, and
being difficult to biopsy because of their hard consistency (53). In rheumatoid effusions
the visceral surface shows a nonspecific inflammation and the parietal surface has a
gritty appearance (55).

The main reported value of thoracoscopy, however, is not to make a specific
benign diagnosis (other than tuberculosis) but, rather, to exclude malignancy as the
cause. Several authors have reviewed the benign diagnoses made during thoracoscopy
and while most of them focused primarily on the short-term outcome of these patients,
some reported follow-up data. Canto et al. (7) described 51 of 208 thoracoscopic
biopsies showing normal pleura, acute pleurisy, or subacute chronic pleurisy; they noted
eight patients in whom tumor was not found but later died of generalized carcinomatosis
(a false-negative rate of 6% for MPEs). Boutin (6) reported that 65 of 215 patients
undergoing thoracoscopy had benign causes such as congestive heart failure, benign
asbestos effusions, infectious pleuritis, cirrhosis, and “idiopathic chronic pleural effu-
sions” (40 patients). These patients were followed for a least one year by mail and
telephone inquiry; no specific mention was made of their outcome. Enk and Viskum (40)
reported 186 patients diagnosed with non-MPEs from pleurisy of unknown origin,
congestive heart failure, pneumonia, rheumatic pleurisy, pulmonary infarction, uremia,
and cirrhosis. Nonspecific inflammation was found on histology in 129 biopsies; no
follow-up information on these patients was provided although the authors did cite a
90% sensitivity in detecting MPEs. In the series reported by Menzies and Charbonneau
(11), 53 of 95 patients were diagnosed with benign disease, including asbestos-related
effusion, chylothorax, Dressler’s syndrome, rheumatoid effusion, lupus pleuritis, pul-
monary embolism, congestive heart failure, and pneumonia; the largest cause of benign
effusions was “idiopathic” (22 of 53 patients). The authors reported that 94% of these
patients were alive after follow-up of at least one year. They calculated a negative
predictive value of 93% for diagnosing MPE. Hansen et al. (52) found 56 of 147 patients
diagnosed with benign disease after medical thoracoscopy, 45 of who had “unspecific
inflammation.” No follow-up data were provided. The authors reported a sensitivity of
88% and negative predictive value of 78% for malignancy. In a small series, Wilsher
and Veale (15) reported that 5 of 51 patients (10%) had false-negative results for
malignancy. Blanc et al. (42) retrospectively reported that 57 of 149 thoracoscopies
revealed “nonspecific inflammation” and that no diagnosis other than benign pleural
effusion was made during follow-up of 12 to 70 months. Ferrer et al. (56) conducted a
10-year study of 40 patients with exudative pleural effusions undiagnosed after
“exhaustive evaluation” (although only 37% of these patients underwent pleuroscopy).
They found that 80% of the pleural effusions remained idiopathic but that most patients
had a benign course; it should, however, be noted that 2 of the 40 patients were
eventually diagnosed with a MPE. Mouchantaf and Villanueva (57) retrospectively
reported 25 patients who were diagnosed with non-MPEs after pleuroscopy and were
followed for at least three years. The long-term survival was favorable (median five-
year survival of 75%) and none of the 25 patients were subsequently diagnosed with
a MPE.
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Despite imperfect data, the information reported in series of patients undergoing
diagnostic medical thoracoscopy suggests that while pleuroscopy often cannot give a
specific histological diagnosis for nonmalignant, nontuberculous effusions, it is an
effective and reliable tool in differentiating benign from malignant causes of pleural
effusions. There is general agreement, however, that pleuroscopy should not replace
pleural fluid chemistry, microbiology, cytology and, in appropriate cases, closed-needle
pleural biopsy as initial diagnostic tests.

F. Medical Thoracoscopy in the Diagnosis of Pleural Thickening

The vast majority of patients undergoing medical thoracoscopy have pleural effusions,
with or without pleural thickening. Since pleuroscopy requires the induction of a
pneumothorax, the presence of pleural fluid allows this to be done safely without great
risk of injuring the lung. Few series include patients undergoing thoracoscopy solely for
the diagnosis of pleural thickening in the absence of a pleural effusion. Investigators
reporting such patients (58,59) performed thoracoscopy under general anesthesia uti-
lizing double-lumen intubation. Colt (58) noted that 2 of 52 patients undergoing thor-
acoscopy had pleural thickening but did not specify the final diagnoses in these patients.
Harris et al. (59) reported that 9% of their 182 patients had a pleural mass as the
indication for thoracoscopy; no specific diagnoses were noted.

G. Medical Thoracoscopy in the Diagnosis of Recurrent
Pneumothorax

While the main purpose of medical thoracoscopy for spontaneous pneumothorax is
therapeutic—chest tube drainage, pleurodesis, and coagulation of blebs and bullae—the
technique can also be considered diagnostic since it allows inspection of the lung and
pleural cavity (9,26). A complete inspection may detect a lung parenchymal laceration, a
malpositioned chest tube within lung parenchyma responsible for a continued air leak, or
visceral and parietal pleural abnormalities such as endometriosis, congenital cysts, and
cavitating or nodular lesions in patients with granulomatous disorders (26). The most
likely abnormalities are blebs and bullae, although up to 30% of patients may have
normal findings (28). Using fluorescein-enhanced autofluorescence thoracoscopy
(FEAT), a technique in which patients inhaled fluorescein prior to medical thoraco-
scopy, Noppen et al. (60) reported finding parenchymal abnormalities, which they
described as “pleural porosity,” more commonly in patients with primary spontaneous
pneumothoraces (PSP) compared with patients without PSP; these abnormalities were
evident using FEAT but not using standard white light thoracoscopy.

H. Medical Thoracoscopy in the Diagnosis of Parenchymal Lung
Disease
Medical thoracoscopy has become synonymous with the term pleuroscopy because the
most common indication for the procedure involves pleural diseases. Biopsy of the lung
is commonly done by thoracic surgeons performing VATS, but it has also been
described using cup biopsy forceps during medical thoracoscopy. Boutin et al. reported
their experience with 75 patients with diffuse or localized parenchymal disease in whom
thoracoscopy was used to obtain pulmonary parenchymal specimens (29). A biopsy
forceps was employed and effective hemostasis was achieved by electrocautery. This
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thoracoscopic technique preserved the histological structure of tissues and provided
biopsy specimens larger than those obtained by bronchoscopy. The overall sensitivity
was 92%, ranging from 70% for peripheral lesions to 100% for diffuse diseases.
Complications included pneumothorax in 8§ patients and low-grade fever in 11. Another
study reported successful lung biopsies with excellent hemostasis and no air leakage in
18 patients using a cryoprobe to seal the forceps biopsy site (61). Despite these reports,
we cannot recommend the routine use of medical thoracoscopy for parenchymal lung
biopsy until there is a larger reported experience about the yield and safety of the
procedure. Patients requiring thoracoscopic lung biopsies should still be referred to the
thoracic surgeons or medical thoracoscopists with extensive experience.

I. Diagnostic Limitations of Medical Thoracoscopy
Medical thoracoscopy is a safe technique in the appropriate patient. The mortality risk is
0.09% (34) and the complication rate is low; Menzies and Charbonneau reported a major
complication rate of 1.9% and a minor complication rate of 5.6% (11). The major
anatomic contraindication is a lack of a pleural space because of dense pleural adhe-
sions. Medical contraindications include poor performance status, hypoxemia not due to
a pleural effusion, severe pulmonary fibrosis, uncorrectable coagulation disorder, severe
cardiac disease, and mechanical ventilation (34).

If the parietal and visceral pleura are well visualized during thoracoscopy, the
diagnostic yield is excellent, especially for diagnosing MPEs. False-negative results are
generally because of poor visualization of the pleural space because of pleural adhe-
sions. Wilsher and Veale (15) reported a sensitivity of 80% in the diagnosis of pleural
malignancy, which increased to 90% if only those cases in which full pleural access was
achieved were considered. Blanc et al. (42) reported that they were unable to visualize
the pleura in 6 of 149 cases; 4 were (43) later diagnosed with malignancy and 2 with
tuberculous effusions. Munavvar and Lee (44) reported excellent visualization of the
pleural space using a semirigid thoracoscope.

J. Techniques: Biopsy of the Parietal Pleura
Our recommended pleural biopsy technique is a standard technique that has been
described in detail in previous reports (34,54,62,63). To briefly summarize, the patient is
placed in a comfortable lateral decubitus position (with the affected side up) and is
prepared and draped using strict aseptic technique. Moderate sedation is used for the
procedure and the patient remains spontaneously breathing, with supplemental oxygen.
Lidocaine is used for local anesthesia and is instilled at the chosen point of entry (usually
the fourth to sixth intercostal space, mid-axillary line). After blunt dissection, a trocar is
inserted and pleural fluid is evacuated using a blunt tip suction catheter. Air is allowed to
enter the pleural space freely via the trocar, thus equilibrating intrapleural and atmo-
spheric pressures. The thoracoscope is then inserted through the trocar. Once the pleural
cavity is entered, almost complete visualization of the parietal and visceral pleura is
possible if there are no pleural adhesions; only the posterior and the mediastinal side of
the lung cannot be seen. Inspecting the pleural and performing biopsies are the two
essential steps of the examination. The thoracoscopist must know about the anatomy of
the thoracic cavity. In the right chest orientation can be achieved by locating the point
where the three lobes meet, the junction of the oblique fissure and horizontal fissure. On



Medical Thoracoscopy 109

the left, the oblique fissure can be used for orientation. The diaphragm can be recognized
by the respiration-related movement. Rib, intercostal muscles, fat, blood vessels, and
nerves are usually well distinguished. The heart and the great vessels are identified by
pulsations that are occasionally transmitted to adjacent parts of the lung. In its normal
state the pleura is transparent, allowing visualization of many structures through it.
Variable amounts of anthracotic pigment can be seen within the visceral pleura and the
surface of the lung. Fatty collections are often abundant in the pleura. These are long,
yellowish plaques located along the ribs and around the pericardium and diaphragm.
Malignancies often have a characteristic appearance, but it may be impossible to dif-
ferentiate inflammation from malignancy on visual inspection. Multiple biopsies should
therefore be taken from suspicious areas.

Parietal pleural biopsies can be performed using illuminated forceps through a
single point of entry (Fig. 8). Before pleural biopsy, the rib and intercostal space should
be identified with a blunt probe, such as the closed forceps; the rib will feel hard
compared with the spongy intercostal space. When the pleura is thick, the biopsy is
straightforward, with minimal risk of injuring the intercostal arteries. In contrast, when
the pleura is thin, the biopsy should be performed against one of the ribs. Typically four
to six biopsies of a suspicious pleural lesion will establish a diagnosis. When malignancy
is suspected but the endoscopic findings are nonspecific, the number of biopsies should
be increased to between 10 and 12, if possible, from a variety of areas on the pleural
surface.

Figure 8 Optical biopsy forceps used through a single point of entry to obtain tissue samples of
the parietal pleura.
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K. Techniques: Biopsy of the Visceral Pleura and Lung
Parenchyma

To biopsy the visceral pleura or obtain a lung biopsy using forceps, a second entry point
is required so that an insulated forcep connected to electrocautery can be used. Whereas
the initial trocar used to enter the pleural space is usually 7 mm in diameter and 100 mm
in length, the second trocar is insulated and is 5 mm in diameter and 100 mm in length.
The 5-mm double spoon-insulated coagulating forceps is used through this second trocar
for visceral pleura or lung biopsies. Power should be sufficient to coagulate the cut
surface of the lung without destroying the histological features of the specimen. A
setting of approximately 100 W is appropriate. The forceps is used to grasp the selected
site along the surface of the lung, avoiding the edges of lobes or fissures to minimize
iatrogenic air leaks, and to pull the specimen through the trocar as electrocautery is
applied.

L. Thoracoscopes

Medical thoracoscopy is performed using a rigid or semirigid endoscope. The use of
fiberoptic bronchoscopes in the pleural space has been reported previously (64), and
while it was reportedly feasible, the flexibility of the instrument made maneuvering and
steering within the pleural cavity difficult. Oldenburg and Newhouse (51) compared the
use of thoracoscopic examination with a flexible versus a rigid endoscope and found that
the rigid instrument was superior because of the greater diagnostic accuracy. They
reported that biopsy samples were significantly larger and easier to obtain using the rigid
thoracoscope. Since Ernst originally reported the use of a semirigid pleuroscope (65), its
utility has been verified and reported by other operators (43,44,66) and is now com-
mercially available (Fig. 9). The advantage of the semirigid thoracoscope for pulmo-
nologist is its similarity (handle, suction port and biopsy port) to a standard flexible
bronchoscope; the proximal portion of the pleuroscope is rigid while the tip is flexible,
combining the maneuverability of the rigid thoracoscope and the familiarity of a flexible
bronchoscope (67).

Figure 9 Semirigid thoracoscope.
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lll. Medical Thoracoscopy: Complications and
Contraindications

In several large series, medical thoracoscopy was described as having few significant
complications. Viskum and Enk (68) reported only one death in 8000 cases reviewed
and Boutin et al. (6) had a mortality rate of 0.09% of 4300 cases. Major bleeding,
requiring transfusion or surgical intervention, was exceedingly rare. Minor complica-
tions include a persistent air leak (approximately 2%), subcutaneous emphysema
(a common result of the procedure, but not a significant complication), and postoper-
ative fever.

Relative contraindications to pleuroscopy include poor general health of the
patient, fever, unstable cardiovascular status, and hypoxemia not related to the pleural
disease. Absolute contraindications include lack of pleural space, end-stage pulmonary
fibrosis, mechanical ventilation, significant pulmonary hypertension, and uncontrolled
coagulopathy (63).

IV. Therapeutic Uses of Medical Thoracoscopy
The major therapeutic role for pleuroscopy is to induce pleurodesis in patients with
recurrent symptomatic pleural effusions, most commonly because of MPEs. Pleuroscopy
can also be used to induce pleurodesis in patients with recurrent primary and secondary
spontaneous pneumothoraces (Table 3).

A. Pleurodesis
Pleurodesis is the obliteration of the pleural space by the iatrogenic induction of
symphysis between the parietal and visceral pleural layers, to prevent the accumulation
of fluid or air within the pleural space (69). The most common indications for pleu-
rodesis are MPEs or pneumothorax; the procedure may also be performed for recurrent
non-MPEs.

Pleurodesis is accomplished by mechanical or chemical means. Mechanical pleu-
rodesis is achieved using pleural abrasion or parietal pleurectomy, usually performed by
thoracic surgeons during VATS (70). Chemical pleurodesis may be performed by the
bedside instillation of a sclerosing agent via a chest tube, following drainage of the pleural
cavity, or by the thoracoscopic insufflation of talc (71). Thoracoscopic talc pleurodesis
(TTP) is the focus of this chapter section. Indications for TTP will first be reviewed,
followed by a description of the technique of TTP and an evidence-based comparison of
TTP with bedside pleurodesis via a chest tube. The side effects and complications of TTP
are discussed, with attention to reports of respiratory failure and acute respiratory distress
syndrome (ARDS) following talc pleurodesis, and the importance of adequate patient
selection for TTP is emphasized.

Table 3 Indications for Therapeutic Thoracoscopy (Thoracoscopic Talc
Poudrage) in Patients with Good Performance Status

Malignant pleural effusions causing dyspnea
Recurrence prevention for spontaneous pneumothorax
Recurrent, refractory nonmalignant pleural effusions causing dyspnea
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Thoracoscopic Talc Pleurodesis: Indications

The most common indication for TTP is MPE (6,72-75). MPE is a significant source of
morbidity for affected patients, with over half of them reporting dyspnea. TTP is also
performed to prevent spontaneous pneumothorax recurrence (27,76,77). This is usually
done in the context of a recurrent primary spontaneous pneumothorax, whether it is a
second ipsilateral pneumothorax or first contralateral pneumothorax. Other indications
include bilateral spontaneous pneumothorax, persistent air leak after five to seven days of
tube drainage or failure to reexpand, spontaneous hemothorax, and professions at risk
(e.g., divers and airline staff). Early pleurodesis is advocated for secondary spontaneous
pneumothorax because of the increased risk of a recurrence, which may be life-threatening
in patients with underlying lung disease (77,78). Finally, selected patients with recurrent,
symptomatic non-MPE may also be treated with pleurodesis (79). The recommended
selection criteria for such patients and reported success rates will be discussed.

Thoracoscopic Talc Pleurodesis: Technique
Talc is a natural, sheet-like, hydrated magnesium silicate with the chemical formula
Mg;Si4019(OH),. There are many talc deposits worldwide and composition varies
because of substitutions of magnesium with other cations and impurities. Sterilized,
asbestos-free talc is used for pleurodesis (80,81). Talc insufflation (poudrage) may be
performed during medical thoracoscopy.

The technique of medical thoracoscopy was reviewed earlier in this chapter. Once
the thoracoscope is inserted through the trocar, the pleural space is thoroughly inspected
and parietal pleural biopsies are taken when indicated. If TTP is to be done, sterile talc
powder can then be insufflated using an atomizer or bulb syringe. In the United States,
however, the only FDA-approved talc is supplied as an aerosol that uses dichloro-
fluoromethane (CFC-12) as a propellant (Sclerosol®, Bryan Corporation). The thoracic
cavity is inspected to confirm even talc distribution, and the “snowstorm” effect is
observed. A chest tube is inserted and connected to suction, in order to evacuate all air
and fluid, thus maintaining close apposition of pleural surfaces in order to achieve
pleurodesis. Full lung reexpansion and chest tube position are verified by chest X ray,
and the chest tube is removed once pleural fluid drainage decreases to less than 100 to
150 mL/day (62,63). If pleurodesis is being performed for spontaneous pneumothorax,
the chest tube is removed when there is no evidence of an intrapleural air leak on
bedside examination and no pneumothorax evident on chest radiograph when chest tube
suction has been discontinued.

The mechanism by which talc leads to pleural fibrosis and obliteration of the
pleural space is not completely understood, although a central role of the mesothelium in
the cascade leading to pleurodesis is increasingly recognized (82,83). Talc rapidly
induces an inflammatory response in the pleural cavity, characterized by the influx of
polymorphonuclear neutrophils followed by macrophages and increased production of
interleukin-8 and monocyte chemotactic protein-1 (84). In vitro, talc induces the
expression of interleukin-8, monocyte chemotactic protein-1, and intercellular adhesion
molecule-1 by mesothelial cells (85). Activation of the coagulation cascade and
decreased fibrinolytic activity lead to the formation of a fibrin mesh that is the basis for
subsequent fibrosis. There has been interest in identifying mediators of pleural fibrosis,
downstream of the inflammatory process. Talc stimulates mesothelial cells to release
basic fibroblast growth factor, leading to recruitment and proliferation of fibroblasts in
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the pleural space. In animal models, intrapleural administration of transforming growth
factor-f induces pleurodesis without pleural inflammation (86,87). In the future, pleu-
rodesis may be achieved using profibrotic cytokines, without the pain and fever asso-
ciated with inflammation.

Thoracoscopic Talc Pleurodesis Vs. Bedside Pleurodesis
Chemical pleurodesis has been attempted with multiple agents other than talc including
tetracycline and doxycycline, bleomycin, Corynebacterium parvum, quinacrine,
cisplatin, and fluorouracil (71). Comparison between different sclerosing agents is
rendered difficult by the lack of a standardized definition of successful pleurodesis
across the various studies. Although there is no ideal pleurodesis agent, talc is widely
considered to be the most effective and least expensive agent (74,88). The success rate
of talc pleurodesis has been reported to be approximately 90%, although others have
reported rates closer to 70% (71,80,89-97). Talc may be insufflated during medical
thoracoscopy, or mixed with sterile normal saline into a slurry that is instilled via a chest
tube (91).

There are several theoretical advantages to thoracoscopic talc insufflation com-
pared with talc slurry sclerosis. Medical thoracoscopy allows complete effusion drainage
under direct visualization and optimal chest tube positioning. Talc is insufflated in a
manner that allows even distribution over the entire visceral and parietal pleural sur-
faces. In contrast, the slurry of water-insoluble talc may gravitate to the dependent part
of the pleural space shortly after instillation, and rotation has not been shown to improve
talc slurry distribution and pleurodesis (98). Finally, in patients with an underlying
malignancy but negative fluid cytology, parietal pleural biopsies of suspicious areas can
be taken at the time of medical thoracoscopy, before proceeding with pleurodesis. A
systematic review comparing the various treatment options to achieve pleurodesis in
patients with MPE was published in the Cochrane Database in 2004 (74). The com-
parison of TTP and talc slurry pleurodesis favored thoracoscopic pleurodesis, with a
relative risk for nonrecurrence of the effusion of 1.19 (95% CI, 1.04-1.36).

A large, multicenter randomized trial comparing talc poudrage with talc slurry
was conducted by the North American Cooperative Oncology Groups (91) in which a
total of 482 patients were randomized to thoracoscopy with talc insufflation (n = 242) or
tube thoracostomy with talc slurry (n = 240). Overall, no difference was detected in the
percentage of patients with successful pleurodesis at 30 days (78% for TTP and 71% for
talc slurry). However, in the subgroup of patients with primary lung or breast cancer, the
success rate of TTP was found to be significantly higher than with talc slurry (82% vs.
67%, p = 0.022). Lung cancer and breast cancer are the first and second most common
neoplasms causing malignant effusions, and these findings suggest that TTP may be a
better option for a large proportion of patients with MPE.

There are little data on the role of TTP versus talc slurry in patients with primary
or secondary spontaneous pneumothorax (76). For the prevention of pneumothorax
recurrence, surgical referral for VATS is generally recommended (77,78). Use of
medical thoracoscopy for inspection, coagulation of small blebs or bullae and talc
poudrage has been advocated by some authors (9,10,27), with referral for VATS in
patients with numerous large bullae. Talcage by medical thoracoscopy for primary
spontaneous pneumothorax was shown to be more cost-effective than chest tube
drainage in a prospective randomized study; the long-term recurrence rate of
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pneumothorax with thoracoscopic talc insufflation was comparable to VATS (about 5%)
(99). Chest tube instillation of a sclerosing agent should be reserved for patients who are
unwilling to undergo medical or surgical thoracoscopy, and have contraindications to the
procedures or a poor prognosis from severe underlying disease (77,78). In a review of
pleurodesis for non-MPE, Sudduth and Sahn reported an 80% success rate for chemical
pleurodesis using various agents and techniques (100). Gyorik et al. (101) reported a
95% success rate of TTP for primary spontaneous pneumothorax. No formal comparison
of talc slurry and TTP for the treatment of pneumothorax has been conducted.

Side Effects and Complications of Thoracoscopic Talc Pleurodesis
The most common side effects reported with TTP are pain and fever. In their detailed
review of pleurodesis agents, Walker-Renard and colleagues (71) reported pain fol-
lowing talc insufflation in 9 of 131 patients (7%), and fever in 21 of 131 patients (16%).
Fever has been described in 16% to 69% of patients undergoing talc poudrage or talc
slurry pleurodesis. Froudarakis and colleagues (102) questioned whether the systemic
inflammatory response associated with TTP was because of talc poudrage or thoraco-
scopy. The authors prospectively compared postprocedure temperature, WBC count, and
C-reactive protein levels in patients undergoing TTP versus diagnostic thoracoscopy
alone, and concluded that fever and systemic inflammatory reaction was because of talc
and not thoracoscopy. Empyema following TTP has been reported in 0% to 3% of
patients and local site infection is uncommon (80,97,103). Cardiovascular complications
reported with TTP include arrhythmias, cardiac arrest, chest pain, myocardial infarction,
and hypotension; these may be attributable to the procedure and not talc per se (75).
Most concerning have been reports of respiratory failure following both thoracoscopic
talc poudrage and talc slurry pleurodesis.

Rinaldo et al. reported (104) three patients who developed ARDS following the
instillation of 10 g of talc slurry. A case of acute pneumonitis with bilateral pleural
effusions after instillation of only 2 g of talc was reported by Bouchama and colleagues
(105). Nandi (106) reported one death from respiratory failure, three days after talc
poudrage (and another six weeks postprocedure); Todd et al. had seven cases of
respiratory failure and/or pneumonia in 178 patients who underwent 197 intrapleural talc
insufflations for MPE (107). In a review of 56 patients who underwent 73 talc slurry
pleurodesis procedures at a single center, 3 cases of respiratory failure occurred fol-
lowing the procedures, with one being directly attributed to talc (108). Campos (109)
reported four cases of respiratory failure 24 to 48 hours following the thoracoscopic
insufflation of 2 g of talc. The same authors reviewed their 15-year experience with TTP
and reported respiratory failure in 1.3% of cases (110). Rehse and colleagues (111)
reported the highest rate of respiratory complications (33%) following talc pleurodesis,
with 9% of patients developing ARDS. More recently, in the randomized trial of TTP
versus talc slurry for MPE conducted by the Cooperative Oncology Groups, respiratory
failure was observed in 4% of patients treated with talc slurry and 8% of patients
randomized to TTP (91).

Interestingly, other large series of patients undergoing TTP have reported no cases
of respiratory failure. Weissberg and Ben-Zeev (112) reported no procedure-related
deaths in their experience of 360 patients treated with TTP. In a French series of 360
patients who underwent TTP using Luzenac talc, no cases of talc-induced acute respi-
ratory failure were reported (97). More recently, a German group reported a consecutive
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series of 102 patients who underwent medical thoracoscopy and TTP for recurrent MPE;
no episode of talc-induced ARDS was observed (73).

The pathogenesis of acute pneumonitis and talc-induced ARDS remains incom-
pletely understood. The influence of talc dose on extrapleural talc dissemination fol-
lowing pleurodesis was examined in a rabbit model by Mones and colleagues; they
found that a higher talc dose was associated with an increased risk of extrapleural talc
deposition based on histopathological evaluations (113). Although the use of a maximal
dose of 4 to 5 g of talc has been advocated (75), ARDS has occurred following both
large and small doses of talc, and with either thoracoscopic insufflation or instillation of
talc slurry. Some hypothesize that the apparent geographic variability in the occurrence
of talc-induced ARDS (many of the reports of talc-induced ARDS have come from the
United States) may reflect differences in the talc preparations used.

Differences in the particle size distribution and presence of contaminants were
examined in eight different talc preparations used for pleurodesis, and marked variations
were noted (81). The mean particle size of U.S. talc ranged from 10 to 20 pm, versus
33 pum for French talc, with a larger proportion of small particles (<10 pm) in U.S. talc
preparations. Ferrer et al. also investigated the influence of talc particle size on
extrapleural talc dissemination after talc slurry pleurodesis in rabbits (114). The intra-
pleural injection of normal talc resulted in greater pulmonary and systemic talc particle
deposition than large talc. In a small randomized of mixed talc (mean particle size <15 pum)
versus graded talc (most particles <10 pum removed), mixed talc was found to worsen
gas exchange and induce more systemic inflammation (115). The systemic distribution
of small talc particles with subsequent inflammation has been suggested as a possible
mechanism for acute pneumonitis and ARDS. This hypothesis is corroborated by the
autopsy finding of disseminated talc crystals in the lung, liver, kidney, heart, and skeletal
muscle in a patient who died of respiratory failure after TTP (109).

The diameter of pleural stomata is reported to be approximately 6 to 7 um (116),
thus allowing the passage of talc particles of small size. Large-particle talc, also referred
to as “graded” or “calibrated” talc, is talc from which the small particles (<10 um) have
been mostly removed. Two large prospective studies from Europe were recently pub-
lished that attest to the safety of large-particle talc. In a multicenter, prospective cohort
study (103), 558 patients with MPE underwent TTP with 4 g of calibrated French large-
particle talc. There were no cases of ARDS reported. In another series of 112 patients
who underwent TTP for primary spontaneous pneumothorax using French graded talc,
no episodes of acute respiratory failure following pleurodesis were observed (101).

Concerns about the long-term safety of talc pleurodesis have arisen because of
reports of malignancy in talc miners and millers. The possible development of restrictive
lung disease as a result of diffuse pleural fibrosis was an additional consideration. The
link between talc and cancer has been attributed to asbestos fibers within the talc. Lange
et al. (117) reported no cases of mesothelioma after 22 to 35 years of follow-up of
patients treated with talc poudrage for idiopathic spontaneous pneumothorax. In the
same series, patients who received talc had a slightly lower total lung capacity than
patients treated with tube thoracostomy alone (89% vs. 97%), which is unlikely to be
clinically significant. In the series of patients undergoing TTP for primary spontaneous
pneumothorax from Gyorik and colleagues, after a shorter median follow-up of
118 months, patients with successful pleurodesis had a median forced vital capacity of
102% and median total lung capacity of 99% of predicted (101).
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Patient Selection for Thoracoscopic Talc Pleurodesis
The reported success rate of TTP varies according to the indications for the procedure,
and ranges from 70% to 90% for MPE, as discussed above. For non-MPE, a success rate
of 80% to 90% has been reported in small series (79,100), although the success rate may
vary according to the underlying condition, with higher recurrence rates for hepatic
hydrothorax (118). Kennedy and Sahn reported an overall success rate of 91% for talc
pleurodesis in pneumothorax (80).

Successful pleurodesis requires contact of the visceral and parietal pleura. In
patients with a symptomatic pleural effusion, the initial thoracentesis plays a key role in
patient selection. The degree to which symptoms are alleviated by the pleural fluid
drainage should be assessed, and lung reexpansion posttap should be demonstrated.
Failure of dyspnea to improve, particularly in patients with MPE, suggests an alternate
diagnosis such as pulmonary embolism, atelectasis, or lymphangitic carcinomatosis.
Incomplete lung reexpansion may result from mainstem bronchus occlusion by tumor, or
trapped lung because of extensive pleural infiltration.

Safe and successful medical thoracoscopy and pleurodesis, in large part, depends
on judicious patient selection. Burrows et al. (119) examined predictors of survival in
patients with recurrent symptomatic MPE referred for thoracoscopic pleurodesis, and
found that only the Karnofsky performance status score was predictive of survival. The
authors proposed that a Karnofsky score >70, which was associated with a median
survival of 395 days, may be a reasonable marker for deciding which patients with MPE
should undergo TTP. In patients with MPE, overall prognosis should thus be considered
in the selection of patients for TTP. The median survival of patients with MPE varies
from 6 to 18 months. The various management options for recurrent MPE include
repeated therapeutic thoracentesis, bedside chest tube pleurodesis, TTP, placement of an
indwelling pleural catheter (PleurX®™), and surgical procedures such as pleurectomy or
pleuroperitoneal shunting. In patients with a low performance status and limited life
expectancy, placement of an indwelling pleural catheter may be the most appropriate
therapeutic option; with repeated drainage, up to half of these patients may develop
spontaneous pleurodesis.

V. Summary
Medical thoracoscopy has emerged as a valuable tool for the chest physician to evaluate
pleural diseases. Also known as pleuroscopy, medical thoracoscopy allows thorough
inspection of the pleural space and visually directed biopsies of the pleura. The main
diagnostic indication for pleuroscopy is for the investigation of pleural effusions for which
no cause has been found despite initial testing, including pleural fluid analysis and closed-
needle pleural biopsy. Several studies have shown the increased yield that thoracoscopy
provides, especially if the underlying cause is pleural malignancy; the sensitivity and
specificity of pleuroscopy for the diagnosis of MPEs is high according to several studies
cited in this chapter. It is also useful in differentiating benign effusions from malignant
effusions with a high degree of certainty, provided that inspection of the pleural space and
biopsy of the pleura were adequate. Diagnostic medical thoracoscopy should therefore be
considered in those 25% of cases of pleural effusions in which the etiology is unknown.

Thoracoscopic talc poudrage is a simple and effective method of pleurodesis. On
the basis of currently available data, this method should be considered the preferred
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technique for many patients with MPE, in particular those with underlying lung or breast
cancer. It also has selected indications for the prevention of spontaneous pneumothorax
recurrence and the management of refractory benign effusions. Talc insufflation is
performed during medical thoracoscopy, using local anesthesia and conscious sedation,
without the need for an OR (operating room). Several reports of ARDS following talc
pleurodesis have emanated from the United States, and this appears related to the use of
smaller size talc particles, which can be systemically absorbed. The safety of large-
particle talc pleurodesis was recently confirmed in two large European studies. Future
studies of the various pleurodesis agents and techniques need to use standardized def-
initions of pleurodesis success and failure, as recommended in the most recent ATS
guidelines on the management of MPE (75).
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. Overview
Malignant disease is a frequent cause of exudative pleural effusion, accounting for 42%
to 77% of cases (1,2). Bronchogenic carcinoma is the most frequent cause of malignant
pleural effusion (MPE) accounting for 24% to 52% of cases (2-5), and with 8% to 15% of
all lung cancer patients presenting with malignant effusion and pleural metastasis (1,6).
Breast cancer and lymphoma are the next most common cause of MPE, responsible for
13% to 26% and 7% to 26% of cases, respectively (2-5). Ovarian, gastrointestinal, and
mesothelial malignancies are additional common causes of MPE. Almost all other cancers
have occasionally been documented to cause MPE and, as a group, may be responsible for
up to 14% of cases (3).

Patients with MPE usually present with dyspnea. This is the primary complaint in
more than half of the cases (1). They may also present with chest pain or cough while
some patients may be asymptomatic. Chest pain is a particularly common complaint in
patients with mesothelioma.

A malignant effusion usually portends a poor prognosis. In lung cancer, MPE
eliminates the possibility of surgical or other aggressive oncologic curative intent
treatment modalities. For most other cancers, a malignant effusion indicates metastatic
disease and incurability, with the exception of lymphoma where the presence of an
effusion has not been shown to affect prognosis (7). The focus of intervention must then
become symptom palliation and quality of life rather than oncological cure.

Il. Standard Treatments
Multiple options exist for the management of MPE including therapeutic thoracentesis,
pleurodesis with a sclerosing agent (via chest tube or thoracoscopy), pleurectomy, and
long-term drainage with tunneled pleural catheters (TPCs). Because of the multiple
options, professional societies have produced guidelines for MPE management (1,8).
Which management strategy will ultimately be chosen depends on the clinical scenario,
patient preference, and locally available expertise.

In some cases, such as initial presentations of lymphoma and small cell lung
cancer, consideration should be given to treating the underlying malignancy as the
primary modality for MPE treatment, as a rapid response to systemic chemotherapy is
common. These patients can usually avoid complex pleural interventions other than
one or two therapeutic thoracentesis for symptom relief. For symptomatic patients
whose effusion is not expected to respond rapidly to systemic therapy, more definitive
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management of the effusion is usually required. We recommend that symptomatic
patients undergo a therapeutic thoracentesis as part of their initial management, as on
occasion, removal of large volumes of fluid will not result in relief of dyspnea. This
usually indicates additional underlying pathologies such as lymphangitic carcinoma-
tosis, malignant airway obstruction, trapped lung, pulmonary embolus, coexistent car-
diac or pericardial disease, COPD, or interstitial lung disease. Patients who do get relief
of symptoms are candidates for more definitive management of their pleural fluid.

In general, it is accepted that repeated thoracentesis, pleuroperitoneal shunting,
and pleurectomy are less than ideal treatment options for MPE and only useful in well-
selected patients (1,8—13). Therapeutic thoracentesis in the treatment of MPE is usually
only a temporary solution, as pleural fluid usually recurs quickly. Because of the sig-
nificant morbidity and mortality associated with pleurectomy, this procedure is rarely
used in MPE management (14). Pleuroperitoneal shunting has been reported but is often
limited by cost and shunt malfunction (15,16).

A. Pleurodesis

Pleurodesis procedures remain common therapeutic modalities in the management of
MPE and have generally been accepted as the gold standard for its treatment (1,8-13),
although not an ideal approach for all patients and not without potential complications.
Side effects can include pain (17-24), fever (24-28), and prolonged drainage (25-27),
and over 40 cases of talc-induced respiratory failure have been reported in the literature
(13,21,25,29,30). These procedures typically require hospitalizations of approximately
seven days (27,31,32). Despite its widespread application, few randomized controlled
trials have addressed the optimal way to create a pleurodesis, with many studies often
lacking clear definitions of success or failure and rarely describing the effects on patient
symptoms or long-term outcomes. Intention to treat analyses are uncommon, with many
studies excluding patients that did not achieve full lung reexpansion following chest
drain insertion or at thoracoscopy and those not surviving to 30 days, accounting for as
many as 40% of patients studied in some reports (28,33). High success rates reported
with talc pleurodesis (28,32,34-36) have not been reproduced in large prospective trials,
and recurrences later than 30 days post treatment are not uncommon (28).

lll. Outpatient Drainage of Pleural Effusions
An alternative treatment approach to MPE has emerged in the past 10 to 15 years. The
use of various catheters to chronically drain MPE without specific attempts at pleu-
rodesis is a relatively simple way to achieve symptom control while avoiding potential
toxicity of sclerosing agents or the need for hospitalization or surgical intervention. The
focus of this approach is on relieving and preventing dyspnea by maintaining lung
reexpansion with repeated drainage although, as described below, many patients will
achieve “spontaneous pleurodesis” over time. While initial attempts with these techni-
ques often focused on patients with failed pleurodesis, poor performance status, or
trapped lung, chronic pleural drainage has now been validated as a first-line treatment
for MPE.

While initial reports of chronic pleural drainage utilized general-use catheters
(37-39), a majority of published studies have utilized a specially designed TPC system
(PleurX"‘B’ Catheter, Cardinal Health Systems, McGaw Park, Illinois, U.S.) (31,40-56).
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More recently, other similar catheters have been marketed for this purpose with minor
variations in design, but we are unaware of any published data using these alternative
devices. Subcutaneous implantable access devices have been used in similar fashion in a
total of 31 patients (57,58).

The PleurX® catheter system consists of a 15.5 French silicone catheter with a
24-cm distal end with multiple side holes, a tissue cuff that is positioned subcutaneously
and a proximal end tipped with a needleless access valve. Dedicated plastic disposable
vacuum drainage bottles of 550 or 1000 mL capacity with dressing kits are used to drain
the catheter. Details regarding our clinical approach have previously been published (59).

A. Patient Selection
A significant advantage of this treatment approach is the liberal patient selection criteria.
The primary indication for tunneled catheters has been malignant pleural disease.
Patients ineligible for thoracoscopy or chest tube pleurodesis procedures such as those
with trapped lungs and poor performance status and short life expectancy can be suc-
cessfully treated with this approach. We have also demonstrated excellent results in
patients with good lung reexpansion and reasonable life expectancy, suggesting that this
approach can be used as first-line treatment in a majority of patients with MPEs (52).
Placement of catheters should be limited to patients who experience at least partial
symptomatic relief following therapeutic thoracentesis. This will ensure that other
explanations for the patient’s dyspnea are not neglected and that procedures unlikely
to benefit the patient are avoided. In the absence of alternative explanations for the
effusion, proof of positive pleural fluid cytology is not required prior to placement in
patients with previously confirmed advanced cancer. The use of this technique in
nonmalignant disease has been much more limited and is described below.

Contraindications to placement include benign disease, very short life expectancy,
uncontrolled coagulopathy, extensive skin involvement with malignancy (inflammatory
breast cancer) or infection over the planned insertion site, and multiloculated pleural
effusion. Chylothorax and benign disease have previously been considered as contra-
indications, but this has been challenged in recent publications. Anticoagulated patients
can restart treatment post procedure, but short-term interruption is required for insertion.
Bilateral catheters can also be inserted if required and have been well tolerated by our
patients.

B. Insertion Technique
Catheter placement can be performed in any adequately equipped procedure room. In
our center, a procedure room in the outpatient clinic is utilized for most insertions, or the
bronchoscopy suite if patients are already admitted to hospital. Sterile technique with
full barrier precautions is utilized. No IV access is established and we have not required
the use of sedation (Fig. 1).

We most commonly place the catheters at the anterior axillary line and tunnel the
catheter inferiorly over the upper abdomen. In patients with large breasts or diseased
skin, a posterior approach is preferred. Bedside ultrasound guidance is used for all of our
procedures and allows the selection of an optimal placement location and may avoid
failed insertions. This may be especially important if the fluid is partially loculated, in
obese patients, if diseased skin is present and in patients with ascites or other reasons for
an elevated diaphragm position. Nevertheless, catheters can be inserted safely without
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Figure 1 (A) Ultrasound localization of optimal insertion site. (B) Local anesthesia at insertion
site (Continued on pages 126—130).
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Figure 1 (Continued) (C) Pleural space is accessed with 18-gauge introducer needle. (D) Guidewire
insertion. (E) Guidewire in situ.
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Figure 1 (Continued) (F) Two small skin incisions at guidewire site and tunnel insertion site.
(G) Tunneler device advanced subcutaneously. (H) TPC advanced through tunnel.
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Figure1 (Continued) (I) TPC advanced until tissue cuff in subcutaneous position. (J) Dilator and
peel-away introducer sheath advanced over the guidewire and into the pleural space. (K) Dilator is
removed, leaving sheath in the pleural space.
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Figure 1 (Continued) (L) Distal end of TPC inserted into the sheath, which is then pulled apart and
removed. A small curved forceps is occasionally required to advance the catheter. (M) Two interrupted
sutures are placed at the insertion site and one interrupted suture is placed at the tunnel exit site and
wrapped around the catheter. (N) TPC post insertion.
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Figure 1 (Continued) (O) Catheter is coiled over a foam pad. (P) Gauze padding under a clear
occlusive dressing.

ultrasound guidance in the majority of patients given that the most will have fairly large
pleural effusions.

Patients are placed in a supine position with the head of the bed up elevated
between 30° and 45° when an anterior axillary approach is chosen. If a posterior approach
is anticipated, the patient is placed in a sitting position leaning forward onto a table as is
commonly done for thoracentesis. Chest X ray is performed prior to the procedure and
previous chest imaging is reviewed if available. Once the patient is in position, ultrasound
examination is performed and a skin mark is made to identify planned insertion site.

The skin is prepped with chlorhexidine or proviodine and covered with sterile
towels or a fenestrated drape. Local anesthesia with approximately 10 mL of 1%
lidocaine is used to anesthetize the skin and access the pleural space. An introducer
needle is then advanced into the pleural space through which a guidewire is inserted.
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A second syringe of lidocaine is used to anesthetize the skin and subcutaneous tissues
for a 5- to 10-cm tunnel. Two small incisions are made with a number 11 scalpel at the
site of guidewire insertion (~1 cm) and tunnel insertion site (~6 mm). A plastic tunneler
device is inserted through the distal incision toward the guidewire and the catheter
pulled through until the tissue cuff is in a subcutaneous position. A peel-away introducer
sheath over a dilator is advanced over the guidewire into the pleural space. The dilator is
then removed with the guidewire and the distal end of the catheter advanced through the
sheath into the pleural space followed by removal of the peel-away introducer sheath.
Occasionally, a small curved forceps may be used to assist advancement of the catheter
into the pleural space. Two simple interrupted sutures are placed at the pleural insertion
site, and one suture at the tunnel insertion site is placed with the ends of the suture
wrapped around the catheter. The catheter is then drained until symptoms occur or 1.5 to
2 L of fluid has been removed. A valve cap is placed on the device and sterile dressing
applied. A chest X ray is done routinely post procedure and the patient discharged home
if no complications are noted. Sutures are removed 10 to 14 days post insertion.

C. Removal Technique

Once a decision has been made to remove the catheter, the patient is brought back to the
outpatient clinic. The area around the catheter is cleansed with chlorhexidine and 5 mL
of lidocaine 1% is infiltrated with a 25-gauge needle around the tissue cuff. The catheter
is then pulled with a firm and constant pressure as well as rotating motion until the
cuff is dislodged. Once the cuff is dislodged, the rest of the silicone tube slides out
easily. Occasionally, a small curved forceps is used to dislodge the cuff. Small Steri-
Strips are applied to the incision, which is then covered with a sterile dressing for
48 hours. Occasionally, pleural fluid leaks out from the insertion site post removal. This
is especially common if there is residual loculated effusion on X ray. This is easily
managed by applying an ileostomy drainage bag system over the incision that can
usually be removed within 48 hours once no further fluid leak is noted.

D. Care Delivery Model
In our center, an outpatient clinic dedicated to management of MPE has been established
in a regional cancer center. It is staffed by a dedicated nurse as well as interventional
pulmonary physicians. Any patient with suspected MPE can be referred to the clinic for
assessment and treatment. Procedures performed in the clinic in addition to TPC
placement and removal include thoracentesis, closed pleural biopsy, and intrapleural
thrombolytics. All patients are seen two weeks following placement of a TPC and every
three months thereafter, with easy access to the clinic if there are difficulties or if
spontaneous pleurodesis occurs. All patients are referred to a palliative home care
program to assist with catheter drainage and other palliative issues commonly
encountered by these patients. Catheter drainage is typically performed three times per
week utilizing the 550-mL bottles. A second bottle can be used for each drainage session
if the first bottle fills completely and the patient does not have any resulting side effects.
Patients and family frequently learn to perform the drainage procedure independently,
which allows more freedom and convenience. At the two-week follow-up visits, fre-
quency and amount of drainage is reassessed on the basis of symptoms and any residual
fluid on X ray. For patients draining larger amounts of fluid, 1-L bottles are utilized or
daily drainage is performed. The interventional pulmonary medicine service remains
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available to assess patients with TPC on an on-call basis should any problems arise.
While other care models can certainly be applied, it is worthwhile pointing out that the
actual catheter insertion is but a minor component of the overall care of these patients.

E. Results
To date there have been numerous reports demonstrating that TPC use for treatment of
MPE can be achieved on an outpatient basis with minimal morbidity and no reported
treatment related mortality (31,40,41,47-50,54,56).

Symptoms and Effusion Control
A large prospective series demonstrating that TPCs are an effective method of treating
MPEs was published by our group in 2006 (49). This single-center study described 250
sequential TPC insertions. Symptom control as assessed in 222 of 231 successfully
inserted TPCs (96.1%) seen at a two-week follow-up visit demonstrated that 89% of
patients experienced partial or complete symptom relief following TPC insertion. One
randomized study has directly compared TPCs to doxycycline pleurodesis (40), dem-
onstrating that TPCs were equally efficacious in the management of dyspnea and quality
of life in patients with MPE (40). In fact, patients treated with TPC demonstrated a trend
toward greater improvement in Borg dyspnea scores although this was not statistically
significant. No survival difference was noted between the two groups.

The control achieved using TPCs seems to be durable as well with 90.1% of
patients not requiring any further ipsilateral procedures following TPC treatment (49). In
those who otherwise would appear to be reasonable candidates for pleurodesis proce-
dures, as determined by good lung reexpansion and survival, there was no need for a
repeat procedure in 87% of cases overall and in 92% of patients experiencing sponta-
neous pleurodesis (52). In the above-mentioned randomized study, 21% of patients who
received doxycycline had a late recurrence of pleural effusion, whereas only 13% of
patients who had an indwelling catheter had a late recurrence of their effusions or a
blockage of their catheter after the initially successful treatment (40). While some would
cite prolonged drainage as a downside of TPCs, this appears to be well tolerated by
patients. Catheters stayed in place for a median of 56 days in our experience (49) with
prolonged drainage, defined as greater than 100 days, reported in 5.2% of patients in
another series (54). Longer periods of TPC use is most commonly seen in patients with
incomplete lung reexpansion.

Spontaneous Pleurodesis
Spontaneous pleurodesis rates of 42.0% to 70% have been reported following use of TPC
for the treatment of MPE, depending on the selected patient population (31,49,52,56). It
appears that in patients in whom pleural apposition is achieved, the local inflammatory
changes induced by the tumor and/or the catheter is sufficient to create pleurodesis without
the administration (and possible related complications) of a sclerosing agent. When only
patients who would also be reasonable candidates for pleurodesis procedures were ana-
lyzed (as determined by good lung reexpansion and short-term survival), spontaneous
pleurodesis rates of 70% were found (52). The time to achieve spontaneous pleurodesis
has been variably reported between a median of 26.5 days in one study and a mean of
90 days in another (40,52). When spontaneous pleurodesis was achieved with TPC
insertion, the effect was long lasting, with clinically significant reaccumulation of fluid
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in 2.9% (56) or need for repeat ipsilateral pleural procedures in 8.7% of cases (49). In both
these series, catheters were removed once less than 50 cc was drained on three successive
drainage attempts. It is difficult to compare symptom control rates and pleurodesis rates
between different case series, but it would appear that rates of symptom control, and even
eventual pleurodesis and long-term control of pleural fluid, achieved with TPC use can be
compared favorably with results achieved with pleurodesis using thoracoscopic or chest
tube instillation of sclerosing agents.

Clinical parameters that could influence spontaneous pleurodesis were studied in a
retrospective series of 263 patients who underwent insertion of 295 TPCs for MPE (56).
The incidence of spontaneous symphysis and catheter removal in the breast (69.6%) and
gynecologic cancer (72.5%) groups was significantly higher than in the lung (43.9%)
and other cancer (23.9%) groups. Spontaneous pleurodesis and catheter removal was
more likely with cytologic positivity, complete expansion of the underlying lung, and in
the absence of a history of chest wall irradiation. Another study found no significant
impact of tumor cell type on the incidence of spontaneous pleurodesis but did note that
patients with good lung expansion (i.e., absence of trapped lung and adequate volume/
frequency of drainages) at the two-week follow-up appointment (post TPC insertion)
were more likely to achieve spontaneous pleurodesis (57% vs. 25%) (49). The data from
these studies suggest that the likelihood of spontaneous pleurodesis and catheter removal
is potentially affected by a number of patient-, tumor-, and treatment-related factors,
with complete reexpansion of the underlying lung seeming to be particularly important.

Costs and Hospitalization
In addition to excellent symptom control, TPCs have been shown to reduce, and in most
cases, eliminate the need for hospitalization. In the randomized study by Putnam, the
median hospitalization time was 1.0 day for the indwelling catheter group compared to
6.5 days for the group receiving doxycycline pleurodesis via a chest tube (40). The
overnight admission performed in this initial study is no longer felt to be necessary.
Locally, patients are never admitted to hospital post TPC placement, although these are
often placed in previously admitted patients to facilitate discharge, and in a recent study,
over 90% of 231 catheters where safely inserted on an outpatient basis (54). This
approach has not surprisingly been demonstrated to be associated with significantly
lower costs during the initial seven days after treatment compared to inpatient pleu-
rodesis with doxycycline or talc via a chest tube (41). On the other hand, costs associated
with TPC use relate in large part to drainage supplies and support that would not be
captured in a short-term study, and no long-term cost analysis has yet been published.

Specific Patient Populations

Debilitated Patients and Trapped Lung

For many patients with MPE, chest tube pleurodesis or thoracoscopy is not considered a
viable option because they are too debilitated or have a trapped lung (28). TPCs,
however, have been demonstrated in a number of studies to be effective in patients too
debilitated to be considered for thoracoscopy or chest tube pleurodesis (43,49,54). TPCs
have also been demonstrated in a number of studies to be effective in palliating dyspnea
in patients with trapped lung (43,49,53,54). A retrospective study describes 13 catheters
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placements in 11 consecutive patients who specifically underwent pleural catheter
placement for MPE in the setting of a trapped lung syndrome. Malignancies treated
included malignant mesothelioma, 6; lymphoma, 3; adenocarcinoma, 1; and multiple
myeloma, 1. All but one patient reported improvement in symptoms, as defined by
improved dyspnea and exercise tolerance. In 10 patients, the TPC remained in place
until death, for a period of 15 to 234 days and one patient required revision after catheter
occlusion (53). Two larger retrospective studies (49,54) also reported effective symp-
tomatic relief in the trapped lung subgroups. In a larger study of 127 consecutive
patients who underwent thoracoscopy for MPE, 52 (41%) were found to have trapped
lung at time of surgery and were managed by insertion of a TPC (53) with symptomatic
relief achieved in 49 (94%).

Given the available data, TPC seems to be effective in patients with MPE and
trapped lung syndrome although we typically would advocate placing the catheters only
in patients who demonstrate at least partial symptomatic improvement following an
initial therapeutic thoracentesis.

Pleurodesis Candidates

It is difficult to compare results from large case series of TPC placement for MPE to
published data on pleurodesis techniques because of the frequent inclusion of more
debilitated patients including those with trapped lung syndrome usually excluded from
pleurodesis research. In an attempt to address this issue, patients with survival of three
months and absence of trapped lung following two weeks of TPC drainage were selected
from a large database (52). Not surprisingly, the authors found higher rates of sponta-
neous pleurodesis (70%) and symptom control (improvement 100%, complete 67%).
This pleurodesis rate is in the range of those reported in a recent large prospective
randomized trial of pleurodesis via talc slurry versus thoracoscopic talc insufflation that
showed success rates of 71% and 78%, respectively, in patients without trapped lung and
alive at 30 days (28).

Mesothelioma

It has been reported that conventional MPE treatments may be less effective in patients
with mesothelioma (26,60), and concerns regarding use of TPC in these patients have
also been raised (56). Nevertheless, a retrospective analysis in our institution identified
31 TPC procedures in patients with malignant mesothelioma (50). When compared to a
control group of 218 TPCs in 195 patients with other tumors causing MPE from the
same database, similar efficacy was demonstrated in both groups (50). Dyspnea control
in the malignant mesothelioma group was found to be complete or partial after 12
(38.7%) and 17 (54.8%) procedures, respectively, not significantly different than for the
control group. The rates of spontaneous pleurodesis, the need for repeat procedures, and
complications were no different in the malignant mesothelioma group versus the control
group. The TPCs did remain in place longer in patients with malignant mesothelioma
than in the control group (83 vs. 52 days), likely as a result of longer survival.

In the above-mentioned study of 11 patients with trapped lung syndrome who
underwent TPC insertion for MPE (43), 6 patients had malignant mesothelioma. While
results for these patients were not reported separately, all but one patient reported
symptomatic benefit, further supporting the use of TPC in this population.
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Chylothorax

Chylothorax related to malignancy is usually best treated by addressing the underlying
malignancy itself. Recurrent, symptomatic chylothorax in patients with cancer relapse or
progressive disease despite adequate treatment is a debilitating condition that is often
difficult to manage. Because of concerns regarding chronic drainage of the lymphocyte
and lipid-rich liquid, chylothorax has traditionally been considered a contraindication to
TPC insertion. The use of TPCs in this patient population has been recently described
retrospectively by the MD Anderson Cancer Centre group. They identified 130 patients
with chylothorax over a 10-year period (55), 19 of which had recurrent symptomatic
chylothorax in association with cancer relapse. TPCs were used in 10 patients while 9
others had other palliative interventions. The authors found no significant difference in
the number of patients reporting symptomatic improvement between the groups, yet
there were significantly fewer subsequent interventions required during the following
500 days after the index procedure in the TPC group compared to the controls. Serum
albumin levels decreased in the TPC group, but the decline was no worse than the
decline observed in the control group. Given these results, TPC may be considered in the
treatment armamentarium in patients who have recurrent, symptomatic malignant chy-
lothorax, especially if no further oncologic treatment is offered and/or pleurodesis
procedures have failed or are contraindicated.

Tunneled Pleural Catheters for Nonmalignant Disease

Pleural space infection is generally considered a contraindication to TPC insertion and
the product literature advises against using the product in this situation. Two cases of
TPC being used for chronic empyema have recently been reported: in one patient with a
bronchopleural fistula and another with an esophagopleural fistula. Both were treated
with indwelling pleural catheters, drainage, and long-term antibiotics (61). Both patients
had successful resolution of their infection, avoided a surgical intervention, and even-
tually had the catheters removed. While interesting, the role of TPC in patients with
pleural infection would still be considered unproven and experimental.

While we have anecdotal success in a very small number of carefully selected
patients with benign pleural disease (infection, postcardiotomy syndrome, anthracycline
cardiotoxicity, heart failure in the peritransplant period), there currently exists no evi-
dence to support the use of TPC in nonmalignant conditions and these should still be
considered a contraindication to placement of one of these devices.

F. Complications
Both short-term and long-term risks of TPCs have been reported and include infection,
loculation of fluid and catheter blockage, pneumothorax, tumor seeding of the tunnel
tract, and bleeding. Overall risks are quite low and compare favorably to the previously
described complications of standard treatments.

Infection
A common concern is the possibility of infection when a catheter is left in for a
prolonged period. While there is a theoretical risk that the tunnel tract will be a conduit
for the entrance of microbes, the cuff on the catheter that sits just beneath the exit site is
intended to be a barrier to this. Actual rates of infection related to the catheters are quite
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low. Cellulitis, which usually occurs within a couple of weeks of placement, has been
reported to occur following 1.3% to 1.6% of TPC insertions in the two largest case series
(49,56). These infections can almost always be treated with oral antibiotics targeted
toward normal skin flora such as cloxacillin or cefazolin and without catheter removal.
Empyema, which usually occurs after prolonged draining, has been reported to occur
between 0.3% and 3.2% of cases (49,56). Our approach to this complication is to admit
the patient to hospital, connect the pleural catheter to straight drainage, initiate broad-
spectrum antibiotic insuring good coverage for Staphylococcus aureus (the most com-
monly isolated organism in our experience), consider the intrapleural administration of
thrombolytic agents, and use CT imaging liberally to ensure appropriate drainage of the
pleural cavity. We have rarely needed to insert additional chest drains and have not had
to perform surgical decortication in this patient population as yet. Once drainage through
the catheter is minimal, this is removed preferably prior to completing the antibiotic
course. Interestingly, none of our infections have been associated with neutropenia
despite the frequent use of chemotherapeutic agents in this patient population. As such,
we do not hesitate to place a TPC in a patient imminently embarking on chemotherapy
treatments. Rates of empyema following TPC placement are comparable to those seen
after talc pleurodesis with reported rates of 0.7% to 2.5% (24-28).

Loculation of Fluid and Catheter Blockage
Catheter blockage has been reported to occur between 2% and 3.7% of cases (40,56).
This can be addressed by replacing the catheter or flushing it with normal saline or even
thrombolytics. In our experience, symptomatic loculated collections of fluid can occur in
approximately 8% of patients (49). We do also address these with intrapleural throm-
bolytics as well and occasionally will perform thoracentesis if there is one dominant
loculated pocket of fluid and rarely insert a new catheter.

Pneumothorax

Rates of pneumothorax following TPC insertion are 2.4% (49). Most of these are felt to
represent entrained air through the large introducer sheath at time of insertion or occa-
sional pleural disruption during reexpansion in the setting of a partially trapped lung.
Persistent bronchopleural fistula or subcutaneous emphysema is much less common. In the
majority of cases this can be managed by drainage of the air via the usual drainage bottles.
For the rare patient with more persistent air leak, admission to hospital and connection of
the PleurX to a pleural waterseal device is required. This complication rate is similar to a
reported rate of pneumothorax during a large series of 941 ultrasound-guided thor-
acenteses by radiologists of 2.5% (62) as well as those following pleurodesis (28).

Tumor Seeding
Tumor seeding of tract of the catheter tract is a potential complication given that
catheters are often left in place for prolonged periods. The incidence of this complication
has been reported to be anywhere from less than 1% to 6.7% (49,56,63). Local irradi-
ation to the catheter tract has been described (63) if this causes discomfort, but tubes do
not require removal and can continue to function normally. Of course, tumor seeding can
occur following any pleural procedure including thoracoscopy (25,26).
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Bleeding and Management of Anticoagulation

Bleeding complications were reported in 2 of 250 patients (0.8%) although the severity
of bleeding was not described (49). There are no reports of hemothorax or bleeding
requiring surgical intervention or transfusion after TPC insertion. Care should be taken
in elderly patients, however, as intercostals artery tortuosity has been shown to increase
with advancing age, decreasing the amount of “safe” intercostal space (64). We rou-
tinely discontinue anticoagulation prior to tunneled catheter placement, but have not
experienced difficulties reinitiating anticoagulation in these patients. Even in patients
with a bloody-appearing effusion, measuring the hematocrit of the pleural fluid rarely
results in values above 0.03.

Additional Issues
We occasionally have had patients present to other medical centers in need of pleural
drainage through their TPC, not being equipped to do so. In these cases, the catheter can
be accessed with the plastic portion of a 16- or 14-gauge intravenous cannula, with the
needle removed, connected to a standard drainage line to a vacuum bottles, wall suction,
or standard pleural drainage unit. Similarly, in bedridden patients, we often connect the
pleural catheter to straight drainage on a leg bag to simplify the patient’s care and
minimize costs.

Occasionally, leakage of pleural fluid occurs around the TPC. This usually occurs
in the few days post placement in patients with very large effusions under some degree
of positive pressure. It is important to increase the frequency of drainage in these
patients and apply frequent dressing changes. This will reduce the risk of infection at
the catheter site and favor healing and scarring around the catheter and cuff, resolving
the issue.

Dislodged catheters have occasionally occurred, usually within two weeks of
placement because the cuff has not healed into place and the patients are still unfamiliar
with a device. Once the cuff is out of the subcutaneous tunnel, the catheter should be
removed and a new one inserted. The site should be carefully inspected for cellulitis or
infection as occasionally this may have led to the dislodgment or occurred as a
consequence.

Patients without good lung reexpansion on follow-up should be assessed for insuf-
ficient drainage volume, blocked catheter, loculated fluid, trapped lung syndrome, and/or
endobronchial obstruction. According to the clinical setting pleural ultrasonography, chest
CT scan imaging and bronchoscopy could be considered.

IV. Conclusion

Patients with malignant pleural disease require a management approach that minimizes
complications, hospitalizations, and discomfort. Their life expectancy is usually quite
short and in our opinion is better spent outside our medical centers. The advent of TPC
treatment for MPE has allowed a simple minimally invasive method to palliate patients’
symptoms on an outpatient basis with minimal complications. It has been our experience
and that of others (54) that once presented with this treatment option, very few patients
elect to undergo more invasive inpatient pleurodesis—type procedures. The successful
application of this technique to a variety of patient populations attests that TPC can be
considered as a primary treatment option for most patients with MPE.
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I. Introduction
Chronic obstructive pulmonary disease (COPD) represents a leading cause of disease
morbidity and mortality worldwide, with estimates affecting >10% of the world’s adult
population (1). The term COPD is nonspecific and most commonly refers to patients
with chronic bronchitis or emphysema and a subset of patients with asthma (2). The
disease is characterized by destruction of the lung parenchyma (emphysema), airway
inflammation, and increase in mucus-producing cells (3).

Emphysema consists in permanent and anatomically irreversible enlargement of
distal airspaces caused by destruction of the alveolar walls (3). These anatomical
changes result in irreversible airflow obstruction with variable degrees of air trapping
and lung hyperinflation. Importantly, the development of significant lung hyperinflation
at rest reduces the patients’ ventilatory capacity during exertion, increases airway
conductance at rest, and induces several cellular molecular alterations in the diaphragm,
leading to inspiratory muscle weakness (4,5). These mechanical and pathologic changes
affect exercise capacity and contribute to dyspnea and exercise intolerance in patients
with COPD.

Reduction in lung volume is associated with an improvement in respiratory
mechanics: normalization of diaphragmatic and chest wall size, shortening of the
respiratory muscle length, increase in vital capacity, and restoration of normal trans-
pulmonary recoil pressures. The use of pharmacologic agents such as bronchodilators is
aimed at improving airflow obstruction and reducing lung hyperinflation. Nevertheless,
pharmacologic lung volume reduction (LVR) is less effective in patients with irre-
versible airway obstruction, in whom surgical or endoscopic approaches are often
considered.

Several surgical procedures, including bullectomy, the Monaldi-Brompton tech-
nique (6), lung volume reduction surgery (LVRS), and lung transplantation, have shown
success in improving quality of life in patients with COPD. Among these, LVRS has
gained popularity, particularly since a recent national trial demonstrated improvements
in survival and exercise capacity in a subgroup of patients with upper lobe predominant
emphysema and limited exercise capacity (7). Nevertheless, LVRS is associated with
significant morbidity, carries a mortality risk even at centers with large experience (8),
and is associated with high cost and prolonged hospitalization (9).
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Because of poor cost-effectiveness of LVRS, endoscopic alternatives are being
developed in an attempt to provide less invasive, safer, and cost-effective methods to
perform LVR. Bronchoscopic lung volume reduction (BLVR) comprises a variety of
techniques and designs to achieve the beneficial physiologic effects observed after
LVRS. The basic principle of BLVR consists in creating an area of atelectasis, which
simulates the volume loss obtained through surgical resection. A description of the
different approaches, technology, experience, and outcomes is presented here. Table 1
summarizes technologies that have been used for BLVR.

The principles of currently available BLVR techniques are the following: (a)
closure of anatomical airway passages to emphysematous areas of the lung to induce a

Table 1 Summary of Available Technologies for BLVR.
Affiliated
Device company Auvailable data Disadvantages
Silicone None Anectodic reports. Minimal ~ Potential for postobstructive
balloons number of patients pneumonia. Questionable
efficacy
Watanabe None Used for other purposes Questionable efficacy to
spigot (pneumothorax treatment, achieve lung volume loss
fistula treatment). Only in all patients
one report with small
number or patients
Endobronchial ~ Emphasys Several studies available, Questionable maintenance of
valves Medical Inc. including one multicentric lung volume reduction at
trial long term because of
collateral airways
Spiration Inc. Several studies available, Questionable maintenance of
including multicentric trial lung volume reduction at
long term because of
collateral airways
Endobronchial ~ PneumRx Inc. Pilot study with five patients The effects should be
coils demonstrated safety of independent of collateral
technology ventilation
Artificial Bronchus Only preliminary reports Occlusion of artificial
accessory Technologies available airways may develop,
airways Inc. reducing efficacy and
increasing risk for
infection
Biologic Aeris Phase 2 clinical studies Irreversible damage to the
therapy Therapeutics underway lung. Risk for abscess
Inc. formation and V/Q

Vapor therapy

Uptake Medical
Corp.

Pilot study

mismatch

Irreversible damage induced
by water vapors. May
need several treatments
(20-30 min). Side effects
appear to be common
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collapse and reduce volume; these techniques include use of balloons, spigots, and one-
way valves; (b) opening of extra-anatomical airway passages to improve collateral flow
from hyperinflated lung regions; and (c) restructuring of emphysematous lung by
applying biologic agents.

Il. Blockade of Airway Passages

A. Mechanical Endobronchial Occluders

Silicone Balloons
This technique consists in blocking airflow into the emphysematous segment(s) of the
lung. Sabanathan et al. reported eight patients who underwent BLVR in targeted areas of
upper lobes segments using silicone balloons filled with contrast medium. Five patients
had migration of endobronchial occluders and required to be replaced by stainless steel
Gianturco-type stents blocked with biocompatible sponge (10). Although the majority of
the patients subjectively improved, there were no changes in pulmonary function tests,
and four developed late infectious complications.

Endobronchial Spigots

Watanabe et al. described the use of endobronchial spigots constructed with biocompatible
materials designed to obstruct airways (11). In their report, the authors presented the use of
spigots in the management of persistent bronchopleural fistulas in 12 patients with
emphysema (12). The spigots were deployed using a rigid bronchoscope in a conventional
way similar to the deployment of a Dumont stent. The authors reported two patients who
developed segmental atelectasis after the procedure, providing evidence that this technique
could be used for BLVR. Similarly, Toma et al. reported the use of spigots in the man-
agement of patients with persistent pneumothorax. Two out of 23 patients developed an
upper lobe collapse (13). Miyazawa et al. subsequently modified the original technique
and employed a guidewire placed under fluoroscopy to target the segmental bronchus.
Using a push-and-slide method with the guide-catheter into the bronchus, they applied
spigots in six patients with severe emphysema (14). Although the authors reported
improvement in dyspnea in four patients and an increase in 10% in vital capacity, CT
scans after the bronchial occlusion did not show regional volume loss.

Endobronchial Valves
This method consists in applying a device that functions as a one-way valve allowing air to
exit the airways and impeding air re-entry into the targeted lung segments. Compared with
the other mechanical occluders, endobronchial valves (EBVs) have the theoretical advan-
tage of allowing the exit of air from the blocked segment. This results in a reduced risk of
hyperinflation of the lung distal to the occlusion caused by collateral ventilation pathways.

Two different EBVs are currently under clinical evaluations: Spiration® umbrella
and the Emphasys one-way valve. Emphasys Inc. (Emphasys, Redwood City, California,
U.S.) developed its first EBV consisting of a silicone duckbill, one-way valve attached
to a nitinol (nickel-titanium) self-expanding stent retainer with silicone seals to occlude
the airway around the valve. The device is deployed using a guidewire placed by flexible
bronchoscopy. The company released a second generation of valves, Zephyr®, currently
manufactured in two sizes with overlapping diameter ranges (4.0-7.0 mm and 5.5—
8.5 mm). A recent prospective, randomized, multicentric trial using Zephyr EBV (VENT
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Figure 1 Spiration® intrabronchial valve.

trial) evaluated the safety and efficacy in 321 patients. The study showed that it met both
its primary efficacy endpoints, showing statistically significant improvements in lung
function and exercise tolerance. Additionally, the study suggested that the Zephyr EBV
had a favorable safety profile in comparing major complications between the treatment
and control groups.

The Spiration Umbrella implantable intrabronchial valve (IBV) (Spiration Inc.,
Redmond, Washington, U.S.) consists of an umbrella-shaped device made of a poly-
urethane membrane on a nitinol framework with five anchors that attach to the airway
for providing stability (Fig. 1). The proximal part of the IBV conforms to the airway
wall functioning like an umbrella, expanding during inspiration to prevent air entry, and
retracting during expiration allowing escape of air. The IBV is deployed via a delivery
catheter that is inserted through the instrument channel of a bronchoscope. The IBV also
includes a proximal central knob that allows removal, if required with the help of a
bronchoscopic forceps (Fig. 2). Both valve systems offer the possibility of being
removed if complications arise during placement or over time (Fig. 3). A multicentric
clinical trial evaluating the efficacy of the IBV will be completed in 2009. The study will
compare IBV versus sham procedures and will evaluate effects of the EBVs on quality
of life [disease-related health status (St. George’s Respiratory Questionnaire, SGRQ)]
and will assess regional lung volume changes as measured by quantitative CT scan.

A summary of the available EBV studies published in the literature is presented in
Table 2 (Fig. 4). Most of the current available studies show that EBV placement is



Bronchoscopic Lung Volume Reduction in COPD 145

Figure 2 Note intrabronchial valves in place, in the subsegments of the right upper lobe bron-
chus. Proximal central knob facilitates removal of the valve if required.

Figure 3 If required intrabronchial valves can be easily removed.
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Figure 4 Posteroanterior view of the chest before (A) and immediately after (B) the intra-
bronchial valve placement in a patient with severe upper lobe emphysema. Note the position of the
diaphragm before and after.

feasible and safe. Moreover, studies have demonstrated beneficial physiologic effects
despite absence of significant radiographic LVR. The explanation for the later may be
related to a decrease in physiologic dead space and reduction of dynamic hyperinflation
(21). Although the studies with different EBV devices demonstrate that the procedure is
safe, several potential limitations exist.

1. The majority of patients with advanced emphysema fail to develop evidence
of complete atelectasis and significant LVR on CT scans.
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2. Extensive collateral ventilation may exist around the targeted segments,
allowing significant gas flow around the valves.

3. Theoretically, the high closing volume in the emphysema lung may result in
obstruction of conducting airways distal to an EBV, thus reducing efficacy of
the device.

4. Few studies have demonstrated sustained long-term beneficial effects.

5. Perioperative complications are common.

Endobronchial Coils
Nitinol self-actuating coils have been manufactured (PneumRx, Inc., Mountain View,
California, U.S.) to induce LVR independent of collateral ventilation. Initial data on five
patients showed that the coils may be placed safely and without complications. Short-
term follow-up showed that all the patients tolerated the devices and showed
improvement in lung function (22). Further studies to establish long-term efficacy and
safety of these devices are needed.

lll. Opening of Extra-Anatomical Pathways
The concept of opening extra-anatomical pathways to alleviate hyperinflation and
improve respiratory mechanics in patients with emphysema was postulated in 1978 (23).
In emphysema, airways resistance may exceed collateral resistance, redirecting airflow
preferentially through collateral pathways. Therefore, when peripheral airways become
obstructed or obliterated, collateral channels may provide for more even distribution of
ventilation (24).

Lausberg et al. studied collateral airflow in 12 explanted emphysematous lungs
placed in an airtight ventilation chamber. The authors created bronchoscopic airway
bypasses by puncturing the wall of segmental bronchi with a radiofrequency catheter
and inserting a small stent to keep the accessory channels patent (25). The authors found
that the forced expiratory volume in one second (FEV)) increased from 245 £+ 107 mL at
baseline to 447 + 199 mL after the placement of three stents, and to 666 & 284 after
placement of five stents (p < 0.001). When attempted in normal lungs, the procedure
was not associated with a significant change in FEV;.

On the basis of this principle, Bronchus Technologies Inc. (Mountain View,
Washington, U.S.) developed the Exhale Emphysema Treatment System. This system
uses a radiofrequency probe to create bronchial fenestrations, and includes an endo-
bronchial Doppler device to avoid injury to the surrounding blood vessels. Rendina et al.
evaluated this technique in 10 patients who underwent lobe resection for malignancy,
and in 5 patients who underwent lung transplantation. Only two episodes of minor
hemorrhage were reported, and the procedure was considered to be feasible and safe
(26). A modification of the original technique was described in an animal model using a
#22-gauge transbronchial needle aspirate (TBNA) needle to create a fenestration, fol-
lowed by an angioplasty catheter with an expandable balloon to place an expandable
metallic stent. Nevertheless, after three-weeks follow-up, the majority of the new
channels were occluded, and the authors had to apply topical mitomycin C to delay
occlusion of these passages. In another animal model with dogs, paclitaxel-eluting stents
were used to prevent stent occlusion. Compared with complete occlusion in all controls,
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65% of the drug-eluting stents were patent after three months of follow-up. Up to date,
no clinical studies in humans have evaluated the use of drug-eluting stents to maintain
patency of extra-anatomical pathways.

IV. Lung Volume Reduction Using Biologic Agents
Reduction in lung volume can be achieved without the use of an implantable device, by
applying biologic reagents that induce inflammation and scarring in areas of the lung.
Ingenito et al. described the use of a fibrin-based alveolar lavage in an animal model
with sheeps. The technique consisted in a first phase of surfactant wash-out solution,
followed by application of a fibrin glue. Although the procedure was associated with
radiographic evidence of volume reduction by CT and a significant reduction in total
lung capacity (TLC) and residual volume (RV), when compared with the surgical
approach, the biologic method was associated with a 45% failure rate and a 15% rate of
abscess formation (27).

The method was subsequently modified (Aeris Therapeutics, Woburn, Massachu-
setts, U.S.). The authors developed a three-step system, which uses a series of biologically
active agents delivered through a flexible bronchoscope. Two small aliquots of 10 mL are
applied to each segment of the lung. The first aliquot contains a trypsin-based solution
used to inactivate surfactant and cause epithelial cell disruption. The second contains a
buffered isotonic salt solution to rinse detached epithelial cells, surfactant, and residual
trypsin. Subsequently, a dual-lumen catheter is placed into the target site and used to
deliver solutions that contain fibrinogen, thrombin, and polymer that form a hydrogel in
situ. Once stabilized, this solution will promote local release of fibroblast growth factor-1,
transforming growth factor B1, and platelet-derived growth factor, causing fibroblast
attachment, myofibroblast proliferation, and collagen expression (28). In comparison to
previously described BLVR techniques, the volume loss caused by scar formation is not
affected by collateral ventilation; nevertheless, the affected area of the lung suffers irre-
versible damage. As compared to the original method, the three-step technique was
associated with a 91% success rate and there were no reports of lung abscess formation
(29). Aeris Therapeutics has recently completed a prospective, open-label, noncontrolled,
multicenter phase 2 study evaluating the efficacy and safety of this system in patients with
advanced upper lobe predominant emphysema involving 50 patients treating 8 sub-
segmental sites. The conclusion was that biologic LVR improves pulmonary physiology
and the functional status of the patients with upper lobe predominant emphysema for up to
at least six months. Overall improvement was greater and longer lasting if 20 mL/site
dosage was used compared with 10 cc/site. Further long-term studies are required (30).

Although the biologic LVR appears to be superior to other techniques because of a
reduced chance of collateral ventilation, no studies have compared the efficacy of these
different methods. Additionally, the main disadvantages of the biologic method consist
in the irreversibility nature of the procedure, the risk of postobstructive infections
because of the inability to drain secretions, and the potential to cause V/Q mismatch
because of spillage of the agent to “healthier” areas of the lungs.

V. Lung Volume Reduction Using Thermal Ablation
Bronchoscopic thermal vapor ablation (BTVA) (Uptake Medical Corp., Seattle,
Washington, U.S.) consists of delivering heated water vapor into the bronchial tree of
targeted lung regions. BTVA utilizes a vapor generator and a metal balloon vapor



150 Diaz-Guzman and Mehta

catheter, with target dosing at 3 to 7.5 cal/g according to a prior CT-based tissue-air
algorithm resulting in permanent parenchymal damage and resulting in loss of lung
volume. Initial data in 11 patients with heterogeneous emphysema demonstrated that the
procedure is safe, although side effects (COPD exacerbation, pneumonia, and hemopt-
ysis) were common (31). Currently studies are underway to establish if BTVA is safe
and effective to achieve LVR in patients with COPD.

VI. Conclusions
There are several endoscopic alternatives to achieve successful LVR in patients with
COPD. Current evidence suggests that LVR can be safely achieved using different types
of EBV, and that these are associated with improvements in lung function in carefully
selected patients with severe COPD. The role of newer endoscopic technologies such as
thermal vapor application or endobronchial coils is still under investigation.
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Bronchial Thermoplasty

MARTIN L. MAYSE and MARIO CASTRO
Washington University School of Medicine, St. Louis, Missouri, U.S.A.

l. Introduction
Bronchial thermoplasty is an investigational bronchoscopic procedure for the treatment
of asthma designed to reduce the amount of airway smooth muscle (ASM) (1) with the
goal of decreasing bronchoconstriction and the frequency and severity of asthma
symptoms (2). Bronchial thermoplasty is achieved by the controlled delivery of radio-
frequency (RF) electrical energy to the airway wall via a special catheter electrode. This
heats the airway wall to a specific target temperature, which ultimately leads to a
decrease in ASM without airway perforation or stenosis. Energy is systematically
applied to the majority of airways between 3 and 10 mm in diameter throughout the
tracheobronchial tree. .

Bronchial thermoplasty is performed with the investigational Alair™ Bronchial
Thermoplasty System (Asthmatx, Inc. Sunnyvale, California, U.S.) (3) and has been used
safely in animals (2) and both nonasthmatic (4) and asthmatic human subjects (5). Previous
unblinded clinical studies comparing bronchial thermoplasty to standard medical ther-
apy in asthmatic subjects have demonstrated an improvement in asthma control (5,6) and
quality of life (7). While conceptually straightforward, the bronchial thermoplasty
procedure is meticulous and procedural duration is substantially longer than that
encountered during routine bronchoscopy. Optimal patient selection, procedural plan-
ning, and patient management are critical for success. This chapter describes the theory
behind bronchial thermoplasty, reviews the preclinical data, describes the equipment and
procedure, discusses patient selection and preparation, outlines special considerations
for patient management during the procedure, and finally presents the results of pub-
lished clinical trials to date.

ll. Theory

A. Overview
Asthma is a chronic airway disease in which patients typically present with dyspnea,
wheezing, chest tightness, and cough. The pathophysiology of asthma is characterized
by airway inflammation and remodeling, variable airflow obstruction, and bronchial
hyperresponsiveness. The airway remodeling in asthma refers to structural changes in
the airway, including epithelial changes, subepithelial fibrosis, goblet cell metaplasia,
blood vessel hyperplasia, and importantly ASM hypertrophy. Contraction of the ASM
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results in subsequent airway narrowing and airflow obstruction. Current therapy for
asthma includes short- and long-term bronchodilators and anti-inflammatory therapy;
however, no therapy exists for long-term modulation of ASM.

B. Physiologic Basis
ASM plays a prominent role in the pathophysiology of asthma. During asthma exac-
erbations, patients respond to drugs that relieve spasm of smooth muscle in the airways,
and asthmatics are hyperresponsive to smooth muscle agonists. Examination of airways
obtained at postmortem, open lung biopsy, or bronchial biopsy demonstrates smooth
muscle hypertrophy and hyperplasia, indicating that ASM may be causally related to the
hyperresponsiveness of asthma (8).

The physiologic basis for ASM contraction leading to airway hyperresponsiveness
has not been well delineated, but it is felt to be because of geometrical narrowing of the
airway because of the hypertrophy of ASM (9), exaggerated narrowing of the ASM (10),
limited capacity to relax with inspiration (11), thicker remodeled airways because of
altered mucosal folding (12,13), and altered lung mechanics because of altered elastic
recoil and airway closure (14,15). Triggers of bronchoconstriction in asthma, for
example, allergens and irritants, are associated with ASM contraction. A reduction in the
amount of functioning ASM should reduce the bronchoconstriction characteristic of
asthma.

Bronchial thermoplasty is a new procedure that may reduce ASM. Bronchial
thermoplasty is achieved by the controlled heating of the airway wall to decrease the
amount of ASM. In its current embodiment, an electrode array is placed within the
airway, expanded to contact the airway walls, and RF electrical energy is passed from
this electrode into the tissues of the airway wall. As electrical energy passes from the
electrode to the tissue, resistance at the electrode-tissue interface and within the tissue
itself causes the electrical energy to be converted to heat. While similar in basic prin-
ciples to conventional RF ablation, the delivery of RF electrical energy during bronchial
thermoplasty utilizes continuous feedback to tightly control the degree of tissue heating,
thereby decreasing ASM without leading to airway perforation or stenosis.

C. Preclinical Data
Preclinical studies of bronchial thermoplasty have been performed in a canine model
(2). In this model, airway responsiveness to methacholine was significantly reduced
following bronchial thermoplasty for up to 3 years. Furthermore, airway responsiveness
to methacholine was inversely correlated to the extent of ASM by histologic exami-
nation. Treatment effects were limited to the airway wall and the immediate peri-
bronchial region. A separate study in a canine model using computed tomography
demonstrated a significant reduction in methacholine responsiveness two to four weeks
post treatment (16).

A feasibility study of bronchial thermoplasty has also been performed in patients
who have been scheduled for Iung resection for a suspected lung cancer (4). Bronchial
thermoplasty was performed during preoperative bronchoscopy in the segmental airways
within the lobe that was to be removed up to three weeks prior to the scheduled lung
resection. There were no adverse effects from the procedure or bronchoscopic evidence
of scarring. Histologic examination of the resected specimens demonstrated reduction in
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Figure 1 Histopatholology before and after bronchial thermoplasty. Histopathologic features of
untreated control airway (A) and an airway 12 weeks after treatment with RF bronchial thermo-
plasty (B) (trichrome stain, original magnification 100x). ASM in the untreated airway is normal,
and ASM in the airway treated with bronchial thermoplasty is essentially absent. The parenchyma,
epithelium, and mucous glands in the treated airway are unaffected. Abbreviation: ASM, airway
smooth muscle. Source: Modified from Ref. 2.

ASM and the treatment was confined to the airway wall and immediate peribronchial
region (Fig. 1).

These preclinical studies in dogs and humans lend support to the safety and
feasibility of performing bronchial thermoplasty to reduce smooth muscle in asthma
patients.
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lll. Procedure

A. Overview
Bronchial thermoplasty is performed during bronchoscopy with the patient under
moderate (formerly called conscious) sedation. All accessible airways distal to the main
stem bronchi and between 3 and 10 mm in diameter, with the exception of the right
middle lobe, are treated under bronchoscopic direct visualization. To treat the entire
target airway, contiguous and nonoverlapping activations of the device are used, moving
from distal to proximal along the length of the airway, and systematically from airway to
airway as described previously (1,2,5). The entirety of both lungs are treated in three
bronchoscopy sessions, each lasting approximately one hour and each separated by
about three weeks.

B. Equipment

Bronchial thermoplasty is currently performed using the investigational Alair Bronchial
Thermoplasty System composed of the Alair catheter and the Alair RF controller
(Fig. 2). The Alair catheter is a single-use, flexible device with an expandable 4-wire
electrode array at one end and a deployment handle at the other. This device is designed
to be delivered into the airways under direct visualization through the working channel
of an RF or high-frequency (HF) compatible bronchoscope; ideally the smallest diam-
eter bronchoscope possible. Larger bronchoscopes (>5.2 mm OD) are not recommended
since they limit access and thereby the treatment of smaller airways. Once in place, the
electrode array is expanded by an actuator on the deployment handle to contact the
airway walls. The Alair RF controller is an RF electrical generator with a foot pedal
activator switch. It continuously monitors temperature at the electrode-tissue interface
and adjusts the rate of energy delivery into the tissue in a manner appropriate for the
asthma treatment application. The Controller also monitors the system to ensure proper
setup. For instance, energy cannot be delivered until all accessories are properly con-
nected, and if the electrode array is not in proper contact with the airway wall, the front
panel notifies the bronchoscopist to reposition the electrode array to make proper
contact. A standard gel-type patient return electrode is affixed to the patient and con-
nected to the controller to provide a complete circuit.

C. Technique
The following is based on the described procedure used in the previous human clinical
studies and the current ongoing pivotal trial of bronchial thermoplasty. The bronchial
thermoplasty treatment for the entirety of both lungs is performed during three separate
bronchoscopy sessions, each session separated by about three weeks. This divided
treatment is done to minimize the risk of an asthma exacerbation or diffuse airways
edema that might occur if the entire tracheobronchial tree were accessed and treated in
one session, and to avoid excessive procedural length. The right lower lobe is treated in
the first bronchoscopy. The left lower lobe is treated in the second bronchoscopy. Both
the right and left upper lobes are treated in the third and final bronchoscopy (5). The
right middle lobe is not treated because of theoretical concerns that circumferential
heating of the bronchus may lead to right middle lobe syndrome (1,17), although no
experience in treating the right middle lobe with bronchial thermoplasty currently exists.
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Tvwschial Thermsplasty™

Figure 2 Alair catheter and controller. (A) The Alair catheter with expandable electrode array
passed through the working channel of a flexible bronchoscope. (B) The front panel of the Alair RF
controller.

For an individual bronchoscopy session, the patient is prepared in the manner
outlined in the patient management section below. The bronchoscope is then introduced
and any previously treated airways are inspected to evaluate for possible mucous
impaction or scarring and to ensure adequate healing. If previously treated areas have
not healed, consideration should be given to postponing treatment. Following inspection,
the bronchoscope is navigated to the region of the lung to be treated, and the order in
which the airway segments are to be accessed and treated is planned. Treatment plan-
ning is crucial to the success of bronchial thermoplasty. If the airways are approached in
a random fashion, some airways may be treated twice while other airways may be
skipped entirely. We recommend a systematic approach from distal to proximal,
working methodically from airway to airway across the region of lung being treated to
ensure that all accessible airways are carefully identified and treated once and only once.
As an example, treatment planning for the right lower lobe might allow initial treatment
of the anterior segment followed by the lateral and posterior segments. The medial
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segment is then treated followed by the distal portion of the right lower lobe bronchus up
to the level of the superior segment, and finally the superior segment is treated. Within
each segment, the subsegmental airways should also be treated in a similar systematic
manner, moving from superior airways to those that are more inferior, or moving from
airways to the right of the field of view to those that are more to the left.

Following treatment planning, the bronchoscope is navigated to the most distal
region of the first airway to be treated. The catheter is then passed through the working
channel of the bronchoscope and advanced to the targeted region under continuous bron-
choscopic visualization. The electrode array is expanded by depressing the activator on the
deployment handle until the four electrode wires firmly contact the airway wall. Care
should be taken not to overexpand the electrodes as this may distort the electrode array.
Energy delivery is then initiated by pressing and releasing the controller footswitch. The
controller will deliver RF energy automatically for approximately 10 seconds, adjusting the
rate of energy delivery according to preprogrammed parameters. Following each activa-
tion, the electrode array is partially collapsed and repositioned proximally the length of the
exposed electrode wire, about 5 mm. This positions the exposed portion of the electrode
adjacent to, but not overlapping, the previous activation site. This process is repeated along
the entire length of each targeted airway as shown in Figure 3, and progresses from airway
to airway as determined during treatment planning. The electrode array position should be
referenced to anatomical landmarks because of the potential for relative motion between
the bronchoscope, catheter, and airways that may occur with breathing, coughing, or during
repositioning. The use of a “map” of the airways to plan and track the progression of the
treatment has been used with success and is recommended (18).

Figure 3 Contiguous activations with the Alair catheter in an airway. The two images in each panel
are a graphic representation of the Alair catheter in the airway with a matched bronchoscopic pho-
tograph of the catheter in the airway. (A) The catheter placed distally in airway, with the electrode
array expanded and controller activated. (B) Following completion of the activation, the electrode
array partially collapsed and moved 5 mm proximal to previous activation site. (C) The electrode array
reexpanded in position adjacent but not overlapping previous activation site. The controller is again
activated. (D) After completion of the activation, the electrode array partially collapsed and moved
5 mm proximal to previous activation. (E) The electrode array reexpanded in a position adjacent but
not overlapping previous activation site. The controller is activated once again.
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On occasion, mucus may build up in the airways and obscures bronchoscopic
visualization. When this occurs, the electrode array can be completely retracted and the
catheter removed from the bronchoscope, allowing irrigation and suctioning. Advantage
can be taken of this to gently clean the electrode array with sterile saline and to apply
more topical anesthesia to the airways if needed.

IV. Patient Selection
Before considering a patient for bronchial thermoplasty the physician should obtain a
detailed medical history and perform appropriate medical evaluations to determine the
patient’s suitability to undergo this procedure. It should be assured that the patient is
appropriate for bronchial thermoplasty, on the basis of patient populations that have
been studied in clinical trials, and is safe to undergo bronchoscopy. Table 1 outlines
considerations for patient selection and safety.

Table 1 Patient Selection

Patients may be considered for bronchial thermoplasty if they meet the following minimal criteria®

Appropriate for bronchial thermoplasty
¢ Adults with documented diagnosis of asthma:

® documented reversible decrease in FEV, or
® airway responsiveness by methacholine challenge

* Nonsmoker for 1 year or greater (and, if former smoker, <10 pack years)

* Symptomatic despite treatment with stable maintenance medication [such as fluticasone (or
equivalent) >500 pg per day + long-acting P,-agonist (LABA)]

® Prebronchodilator FEV; > 60% predicted
e Stable with respect to asthma status

® no current respiratory tract infection
® no severe asthma exacerbation within the last 2 weeks
* forced expiratory volume in one second (FEV;) within 10% of the best value

Safe to undergo bronchoscopy
® Able to undergo bronchoscopy as per hospital guidelines

* No known sensitivity to medications required to perform bronchoscopy (such as lidocaine,
atropine, opiates such as fentanyl, and benzodiazepines such as midazolam)

* No known unstable comorbid conditions that would present a risk for bronchoscopy, such
as untreated obstructive sleep apnea or clinically significant cardiovascular disease,
epilepsy, diabetes, or cancer

¢ No internal pacemaker or neurostimulator

“Based on inclusion and exclusion criteria that were used in prior clinical trials of bronchial thermoplasty
and accepted guidelines for treatment of asthma. For complete information on inclusion and exclusion
criteria, see http://www.clinicaltrial.gov.
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V. Patient Management

The success of bronchial thermoplasty depends not only on an appropriately selected
patient and the technique of the bronchoscopist, but also on adequate patient management
before, during, and after the procedure. While patient management for bronchial ther-
moplasty is similar to that of any bronchoscopic procedure, there are special consid-
erations for the management of patients undergoing bronchial thermoplasty. These
considerations arise for several reasons: patients undergoing bronchial thermoplasty have
moderate persistent asthma, patients must undergo a total of three bronchoscopic sessions
to complete treatment, and the individual bronchoscopy sessions tend to be relatively long
when done properly. To overcome these issues, asthma stability is reassessed on the day
of each bronchoscopy, steroids are given to decrease postprocedure inflammation, inhaled
bronchodilators are administered, drying agents are given to decrease mucus production,
good topical anesthesia of the airway and an appropriate level anesthesia are provide to
facilitate the procedure and increase patient willingness to undergo repeat bronchos-
copies, and lastly the administration of topical anesthesia, anxiolytics, and analgesics are
repeated as needed during the longer procedure.

A. Patient Preparation and Premedication
To minimize postprocedure inflammation of the airways, patients are given prophylactic
prednisone at a dosage of 50 mg/day (or equivalent) for five days: the three days prior to
the procedure, the day of procedure, and the day after the procedure (3).

On the day of each procedure, patients should be reevaluated to ensure they
remain a good candidate for bronchial thermoplasty (Table 2) and bronchoscopy should
be postponed if they no longer meet recommended criteria. If the patient has not taken
their prescribed oral prednisone on the day of the procedure, premedication should
include intravenous (IV) administration of 40 mg methylprednisolone or its equivalent.
An albuterol nebulizer of 2.5 to 5.0 mg or 4 to 8 puffs of albuterol with a metered dose
inhaler and an antisialogogue agent such as glycopyrrolate at a dosage of 0.2 to 0.4 mg IV
or intramuscular (IM) (a minimum of 30 minutes prior to the procedure) should be
administered. Caution should be exercised while using this agent because of its chro-
notropic risk. Glycopyrrolate is preferred over atropine because it is a superior drying
agent with fewer propensities for adverse central nervous system effects or tachyar-
rhythmias. While perhaps not clinically proven to have a meaningful impact in other
bronchoscopic procedures (19), the benefits of treating with an effective drying agent to
reduce the amount of airway secretions and improve visibility through the bronchoscope
have been experienced during bronchial thermoplasty (7,18).

B. Topical Anesthesia

Judicious application of topical anesthesia is very important to the success of bronchial
thermoplasty. Any standard approach to the application of topical anesthesia to the upper
airway can be used, so long as the nasal and/or oral passages are anesthetized and
lubricated and the posterior pharynx is sufficiently anesthetized so as to significantly
diminish or eliminate the patient’s gag reflex. The patient’s sedation level is reassessed
and considerations are made for supplementing with more anxiolytic or antitussive
medications (see Sedation section) as needed.
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Table 2 Considerations on the Day of Bronchoscopy

Immediately prior to bronchoscopy, postpone the procedure for any of the following reasons:
® Prescribed prednisone or prednisolone was not taken on the 3 days prior to bronchoscopy
® SpO; less than 90% on room air

* Increase in asthma symptoms in last 48 hours requiring more than 4 puffs/day on average of
rescue bronchodilator over pretreatment usage

® Less than 14 days from completion of a course of oral corticosteroid use for an exacerbation
of asthma

* Postbronchodilator FEV is less than 85% of pretreatment value
* Active respiratory infection, active allergic sinusitis, or other clinical instability
* Physician feels for any reason the treatment should be postponed
During bronchoscopy, terminate the procedure if any of the following observations are made:
* Airways are unusually edematous or inflamed
¢ Extensive and/or prolonged bronchoconstriction
® Airways accessed in previous bronchoscopy session do not appear to be sufficiently healed
® Presence of purulent or abnormally tenacious sputum or mucus plugging

¢ Inability to access airways because of excessive secretions, excessive coughing, or tortuous
anatomy

* Physician feels for any reason that the treatment should be terminated

Once the patient’s upper airway has been sufficiently anesthetized, anesthetizing
the vocal cords and bronchial tree can proceed. Although different concentrations of
lidocaine may be used, 1% lidocaine is recommended to limit the potential for lidocaine
toxicity. At the vocal cord level, 1% lidocaine can be applied in small (2 mL) aliquots
through the working channel of the bronchus until the patient appears comfortable with
minimal coughing. As the bronchoscope is advanced down the airway, 1% lidocaine
should be used in small (2 mL) aliquots down the bronchial tree. Application of local
anesthetic should focus more on the airway segments being targeted for treatment. After
30 to 40 minutes into the procedure, additional topical anesthesia should be considered if
necessary.

The maximum dose of lidocaine is often institution specific; however, 600 mg of
lidocaine or 8.2 mg/kg or less has been used safely in asthmatics undergoing bron-
choscopy (20). The patient should be continuously monitored for signs and symptoms of
lidocaine toxicity. Toxic reactions to local anesthetics most frequently involve the
central nervous system and may include lightheadedness, tongue numbness, visual
changes, auditory disturbances, seizures, or loss of consciousness (21). If doses exceed
the maximum limits, consider monitoring lidocaine levels post procedure.

C. Sedation
Simultaneous with achieving adequate anesthesia in the patient’s airway, it is critically
important to achieve and maintain an optimal level of sedation. Most patients can
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undergo bronchial thermoplasty under moderate sedation. Moderate sedation, as defined
by the American Society of Anesthesiologists (ASA) (22), is when a patient responds
purposefully to either verbal commands alone or with light tactile stimulation. The
choice of medications necessary for good patient management will ultimately be the
choice of the physician performing the procedure and may vary on the basis of country-
or institution-specific guidelines and practices. However, the combination of a short-
acting benzodiazepine and a narcotic, namely midazolam and fentanyl, are excellent
choices because of their familiarity and ability to be carefully titrated and, if necessary,
to be rapidly reversed.

Midazolam is a fast-acting benzodiazepine with a short half-life, and it can be
easily titrated to effect. It is often initially given in a 1 to 2 mg loading dose followed by
incremental doses of 0.5 to 1 mg as needed. The onset of the effect is within one to three
minutes, with a maximum duration of about two hours. Midazolam also produces
antegrade amnesia or anxiolysis, and has an anticonvulsant effect. The objective is
patient anxiolysis and patient comfort while still maintaining adequate spontaneous
ventilation during the procedure. Supplemental doses should be given if the patient is
anxious or has minimal sedation assuming adequate oxygenation and ventilation. The
precise timing of sedation will vary between patients and largely depends on the clinical
judgment of the physician.

Fentanyl is also an effective sedating agent used during bronchial thermoplasty
and it is beneficial because it has both potent analgesic and antitussive properties. An
effective loading dose is 50 to 100 pg IV with additional doses of 25 to 50 pg IV as
needed. Onset of action is 2 to 4 minutes with a peak effect at 10 to 15 minutes and
duration ranging from 30 to 60 minutes. Supplemental doses should be administered if
the patient has minimal sedation, is having pain, or is coughing excessively. The ulti-
mate objective is to provide the patient with adequate analgesia and sedation with
minimal coughing.

It is important to note that benzodiazepines and opiates have different mechanisms
of action, but potentiate each other’s actions including respiratory depression and
hypotension. Therefore, frequent smaller supplemental sedative/analgesic doses allow
for more effective titration. The main advantage of using midazolam and fentanyl to
induce moderate sedation is their fast onset times, which make them more easily
titratable. In addition, both medications have reversal agents (naloxone and flumazenil,
respectively) that can be used to antagonize their effects if necessary. Sedation can be
produced while avoiding side effects.

D. Postprocedure Care
In addition to standard milestones used during post-bronchoscopy recovery milestones,
patients should be discharged only after the patient’s postbronchodilator FEV| is within
80% value and the patient is feeling well. It should also be verified that patients have
their prophylactic steroid to be taken the day following each bronchoscopy.

As with any bronchoscopic procedure, there is an expected increase and worsening
of respiratory-related symptoms in the period immediately following bronchial thermo-
plasty, such as breathlessness, wheeze, cough, chest discomfort, night awakenings, and
productive cough (5,7). These symptoms typically present within one week of bron-
choscopy and resolve with standard medical care on average within one week. Therefore,
it is very important to contact the patient 24, 48 hours, and 7 days post procedure to assess



162 Mayse and Castro

their status following bronchoscopy. In particular, there is a potential for excess mucus
production in response to bronchoscopy and bronchial thermoplasty in asthma patients. It
is expected that coughing will clear any excess mucus; however, it is possible that the
mucus may become thickened and occlude the airway. In the event thickened mucus is
suspected, a chest radiograph should be obtained, and if mucus plugging is confirmed,
patients should be treated with chest physiotherapy and/or therapeutic bronchoscopy as
indicated. They should also be monitored carefully until resolution occurs.

E. Clinical Data
Preliminary studies have demonstrated the safety and efficacy of bronchial thermo-
plasty. In a feasibility study, Cox et al. evaluated the safety of bronchial thermoplasty in
16 subjects with mild to moderate persistent stable asthma at two different sites (5). At
baseline lung function testing, including methacholine bronchoprovocation, peak flow
measurements, symptoms, and medications were recorded. Evaluations were performed
at 12 weeks, 1, and 2 years post treatment. All treatments were completed within
30 minutes. Acutely blanching of the airways was noted but there were no subsequent
changes in structure of the airways. There were 312 adverse events: 74% mild, 25%
moderate, and 1% severe. The severe adverse events involved hospitalization for an
unrelated event. The most frequent procedure-related adverse events were increased
cough, dyspnea, wheeze, and bronchospasm, and all resolved within one week of the
procedure. Most of these procedure-related events required bronchodilators, though 3%
required systemic corticosteroids.

In this feasibility study (5), subjects following bronchial thermoplasty demon-
strated a significant improvement in airway responsiveness. The mean PC20 increased
by 2.4 £ 1.7 (p < 0.001), 2.8 = 1.5 (p = 0.007), and 2.6 £ 1.5 doublings (p < 0.001) at
12 weeks, and 1 and 2 years post treatment, respectively. There was no significant
change in FEV, at two years though there were significant improvements at 12 weeks
and 1 year. There were significant improvements in symptom-free days (p = 0.015) and
morning (p = 0.01) and evening peak flows (p = 0.007). Therefore, this feasibility study
of bronchial thermoplasty demonstrated a significant improvement in airway hyper-
responsiveness for up to two years in a small group of mild to moderate asthma patients.

A follow-up study focused on quality of life and satisfaction with bronchial
thermoplasty performed on 16 subjects (6). Approximately one year post thermoplasty,
patients reported an increased ability to carry out activities, tolerate allergens, and
perform physical activity. All patients indicated they would probably or definitely
undergo the procedure again and would recommend it to others.

In the largest study published to date of bronchial thermoplasty, Asthma Inter-
vention Research (AIR) trial, Cox et al. randomized 112 subjects with moderate to
severe persistent asthma requiring inhaled corticosteroids and long-acting B-agonists
(LABA) and in whom asthma control worsened when the LABA was withdrawn to
either bronchial thermoplasty or usual care control group (7). The primary end point in
this study was mild exacerbations during LABA withdrawal at 3, 6, and 12 months. The
mean rate of mild exacerbations was significantly reduced following bronchial ther-
moplasty but unchanged in the control group: —0.16 £+ 0.37 versus +0.04 £ 0.29
exacerbations per subject per week, p = 0.005 (Fig. 4). This translates to approximately
10 fewer mild exacerbations per subject per year. There was not a significant difference
in severe exacerbations between the groups.
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Figure 4 Rates of mild exacerbations per subject per week. Mean values are shown for all
subjects receiving inhaled corticosteroids alone for whom data were available at the given time
points. Asterisks indicate a statistically significant difference in the mean change from baseline
between the two groups, and I-bars represent the standard errors. p = 0.03 for the comparison
between subjects in the two groups treated with inhaled corticosteroids alone at 3 and 12 months.
Source: Modified from Ref. 7.

In the AIR study, there was a significant improvement in morning peak flows (39
=+ 49 L/min, p = 0.003) and reduction in B-agonist use (approximately 9 puffs per week,
p = 0.04) although there was no significant difference in FEV,| or PC,y at 12 months
(Fig. 5) (7). Asthma quality of life (1.3 £ 1.0 vs. 0.6 £ 1.1, p = 0.003) and asthma
control (—1.2 & 1.0 vs. —0.5 £ 1.0, p = 0.001) significantly improved following ther-
moplasty. Furthermore, there was a 2.6-fold increase in symptom-free days (—41 3= 40 vs.
17 £ 38, p = 0.005) and improvement in symptom scores (—1.9 + 2.1 vs. 0.7 £ 2.5,
p = 0.01). This translates to approximately three additional symptom-free months per
subject per year. Interestingly, in a post hoc analysis these benefits were even greater in
a subgroup of subjects requiring high maintenance doses of inhaled corticosteroids
(>1000 pg of beclomethasone or the equivalent).

Finally, in the AIR study, adverse events were more common immediately fol-
lowing thermoplasty but similar after 6 weeks and 12 months after treatment (7). During
the treatment period, there were 407 adverse respiratory events: 69% mild, 30% mod-
erate, and 1% severe. The majority of these adverse events occurred within one day of
the procedure and resolved an average of seven days after the onset. Four subjects
required six hospitalizations in the bronchial thermoplasty group compared with only
two hospitalizations in the control group. These hospitalizations post thermoplasty
included asthma exacerbation, pleurisy, and partial collapse of the left lower lobe two
days following treatment. There was no relationship noted between these adverse events
and the experience of the bronchoscopist with thermoplasty.

A recent controlled study in subjects with severe asthma complements the pre-
vious findings from the AIR trial. In the Research in Severe Asthma (RISA) trial, the
primary objective was to determine the safety of bronchial thermoplasty in 32 subjects
with severe symptomatic asthma (23). These subjects required high doses of inhaled or
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oral corticosteroids (>750 pg of inhaled fluticasone and/or <30 mg of oral pre-
dnisolone/day) and were symptomatic on at least 10 out of 14 days. In this study,
bronchial thermoplasty did result in transient worsening of asthma symptoms that
resolved within one week after the onset similar to the AIR trial. However, there were

B Bronchial-thermoplasty group, ICS and LABA @ Contrel group, ICS and LABA
@ Bronchial-thermoplasty group, ICS alone O Control group, ICS alone
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Figure 5 Measures of asthma control at baseline and during follow-up. Mean values are shown
for all subjects for whom data were available at the given time points. p values are for com-
parisons of the mean change from baseline between the two groups. I-bars represent standard
errors. (A) Morning peak expiratory flow rates in liters per minute. (B) Use of rescue medications
over the study period. (C) The percentage of symptom-free days. (D) Responses to the Asthma
Quality of Life Questionnaire (AQLQ), which are scored on a scale of 1 to 7, with higher
numbers indicating a better quality of life. The minimal important difference is thought to be 0.5.
Modified from Ref. 7.
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Figure 5 (Continued)

seven hospitalizations that occurred in 4 of the 15 bronchial thermoplasty including two
subjects with segmental lobar collapse requiring treatment. After six weeks, there was
no significant difference in adverse events between the two groups.

Interestingly, the RISA study had beneficial response in improving asthma control
in this small study of severe asthma. Subjects following thermoplasty were able to reduce
their rescue medication use (—27 £ 40 vs. —2 £ 12 puffs per week, p < 0.05, treated vs.
control, respectively) and improve their asthma control score —1.0 = 1.0 vs. —0.1 &+ 1.0,
p = 0.02). Unlike the AIR trial, these subjects experienced a significant improvement in
lung function (15 + 17 vs. —0.9 4+ 22 FEV; percent predicted, p = 0.04). These
improvements in asthma control and rescue medication use persisted one year after
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thermoplasty treatment. These studies suggest that bronchial thermoplasty can result in
lasting improvements in asthma control with less rescue medication use though with an
associated short-term increase in asthma morbidity.

Additional studies are under way to evaluate the safety and efficacy of bronchial
thermoplasty in a double-blind, sham-controlled trial in 297 subjects with moderate-
persistent asthma (3).

VI. Summary
Bronchial thermoplasty is an investigational procedure using RF energy to heat airway
tissue in a way designed to reduce the amount of ASM (1) and hence the potential for
bronchospasm and asthma symptoms. In an unblinded, multicenter, randomized clinical
trial involving patients with asthma, bronchial thermoplasty was shown to improve
asthma control and quality of life (7). While the potential for a strong placebo effect
exists in this unblinded study, the magnitude and persistence of the effects observed
were likely greater than what could be attributed to placebo alone.

Successful bronchial thermoplasty requires that all accessible airways distal to the
main stem bronchi between 3 and 10 mm in diameter, with the exception of the right
middle lobe, be treated once and only once. To achieve this goal, a systematic approach
moving from distal to proximal within an airway and working methodically from airway
to airway across the region of lung being treated is recommended. This systematic
approach results in a bronchoscopy that is generally longer in duration than bronchos-
copies performed for bronchoalveolar lavage or tissue biopsy. Patient management
during bronchial thermoplasty must be emphasized because optimal administration of
the treatment requires minimal patient movement during the procedure. Thus, adequate
and effective administration of sedatives and analgesics to achieve and maintain mod-
erate sedation is critically important. Because the full treatment of the entire lung
requires more than one bronchoscopy session, it is important that patient comfort is
maximized so that the patient’s anxiety for future bronchoscopies is minimized.

Preliminary clinical results of bronchial thermoplasty appear encouraging (5,7),
although these findings should be interpreted with caution, as these were unblinded
studies of a procedure with a high potential for placebo effect. An appropriately pow-
ered, blinded, sham-controlled study is currently under way to assess the ultimate risk to
benefit ratio of this procedure.
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l. Introduction
Interventional pulmonology is a new field within pulmonary medicine that focuses on
the use of sophisticated bronchoscopic and pleuroscopic techniques for the treatment of
a spectrum of thoracic disorders ranging from tracheobronchial stenosis to pleural
effusions. These efforts are facilitated by sedative-hypnotics and analgesics, resulting in
greater patient comfort, cooperation, and satisfaction. Newer drugs expand the oppor-
tunities for minimally invasive procedures in medically complex patients. In recognition
of the growing number of personnel utilizing potent sedating and anesthetizing drugs,
specialty societies have promulgated guidelines for the safe conduct of sedation, mon-
itoring, and reanimation by qualified healthcare providers (1-3).

The success of interventional pulmonary medicine depends on patient safety and
comfort. To achieve these objectives, the interventionalist must always be cognizant of
the potential for airway and respiratory compromise. If an airway will be shared between
the anesthesiologist and bronchoscopist, for example, rigid bronchoscopy under general
anesthesia, communication must start preoperatively and continue until the patient’s full
recovery. When interventions become urgent or emergent, the clinician must resist the
tendency toward a cursory review of medical details and physical features that may
contribute to adverse events and suboptimal outcomes.

Il. Procedural Sedation and Analgesia

Drugs used for anxiolysis, amnesia, and comfort should be easy to titrate to the desired
effect with a low incidence of adverse cardiorespiratory effects, while providing for a
rapid return to baseline cognitive function. To date, an ideal drug does not exist, and
drug combinations are common. Adequate sedation requires patience; thus small doses,
titrated to effect, decreases the risk for deep sedation while promoting patient comfort
and acceptance. After bronchoscopy, a minority of adults report poor pain control
despite the use of sedation, analgesics, and topical anesthesia (4). Operative conditions
and stimulation can change rapidly, and the clinical objectives of sedation are dynamic
as well, but the principles of safe drug administration remain applicable. Specific drug
selection and route of administration are determined by a therapeutic goal, the phar-
macologic properties, and anticipated effect of the drug. Intravenous drug administration
avoids any delay caused by absorption, and drug response is more predictable.

168
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Table 1 Sedation Continuum and Physiologic Function

Sedation
Function Minimal Moderate Deep General anesthesia
Response to Appropriate Purposeful to Painful No response
stimulus to verbal verbal or tactile stimulation to painful
stimulus stimulation elicits response stimuli
Airway Patent Patent Assistance likely — Assistance necessary
Spontaneous Adequate Adequate Potentially Inadequate
ventilation inadequate
Cardiovascular Maintained Usually Usually Impaired (?)
maintained maintained

“Conscious” sedation is considered moderate sedation.

Levels of drug-induced sedation-analgesia are a continuum characterized by
patient response and physiologic functions (Table 1). During “minimal sedation,” or
anxiolysis, patients respond normally to verbal commands. Although cognitive function
and coordination may be impaired, cardiorespiratory function is not. In “moderate
sedation,” that is, conscious sedation, patients respond purposefully to verbal commands
or light tactile stimulation. Airway patency and cardiorespiratory function are unaf-
fected. In contrast, patients who experience “deep sedation” cannot be easily aroused but
respond purposefully following repeated or noxious stimulation. Airway patency and
ventilatory function may be compromised. Heart rate and blood pressure are usually
maintained. When drugs cause a loss of consciousness accompanied by an inability to
arouse the patient even by noxious stimulation, a state of “general anesthesia” has been
achieved. Airway management and positive pressure ventilation may be required
because of depressed spontaneous ventilation and neuromuscular function.

lll. Patient Evaluation and Preparation
Prior to any intervention, the clinician should review the patient’s medical history with
emphasis on cardiopulmonary problems, exercise tolerance, and prior experiences with
procedural sedation or general anesthesia. The history may suggest a sensitivity or
intolerance to agents commonly used for sedation, analgesia, and anesthesia. Experiences
that portend difficulty are delayed emergence, unanticipated admission or observation,
and airway problems. Patients are risk-stratified by physical status (Table 2).

The preoperative review of systems and physical exam focuses on the airway and
the cardiopulmonary system. The Mallampati airway classification I to IV describes the
progressively poor visualization of the oropharynx, uvula, and soft palate as the size of
the tongue increases. Mallampati classes III and IV are suggestive of airway difficulty
during sedation and intubation. The clinician should inquire about arthritic conditions
affecting cervical spine mobility and body positioning, temperomandibular joint dys-
function, symptoms of untreated or treated gastroesophageal reflux, esophageal
pathology, and gastric or small bowel dysmotility. Vital signs are reviewed and
documented.
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Table 2 American Society of Anesthesiologists Physical Status Classification

Physical status Description of disease status

1 Healthy

II Mild systemic disease, e.g., controlled asthma or COPD, hypertension,
diabetes, prior MI, smoker, and age > 70

I Severe systemic disease that impacts daily activity but is not incapacitating,
e.g., moderate COPD, CAD with angina

v Severe systemic disease that may be incapacitating and is a constant threat to
life, e.g., chronic CHF, arrhythmia, unstable angina

A\ Moribund patient, not expected to survive 24 hours

VI Brain death organ donor

E Emergency procedure (e.g., removal of foreign body, III-E)

The risk of aspiration is ever-present during moderate sedation, especially when
airway reflexes are attenuated or abolished by topical or nerve block anesthesia. Accepted
fasting guidelines are “nothing per os” (NPO) two to three hours for clear liquids and at
least six hours for solids. Longer periods may be necessary for patients with upper
intestinal delayed transit time, for example, gastroparesis (1). Prescribed antireflux
medications should be taken on the day of the procedure. Patients should be counseled as
to when cardioactive, antiplatelet, and glycemic control medications are to be taken.

Preoperative laboratory testing is influenced by the history, physical exam, recent
evaluations, and the likelihood that the results will impact perioperative management.
Cardiac risk assessment by clinical predictors and reported exercise capacity may
prompt a comprehensive evaluation in accordance with good medical practice, not
because it will significantly influence management for a minimally invasive pulmonary
procedure. Bacterial endocarditis prophylaxis should be considered if there is a history
of endocarditis, prosthetic heart valve, or asplenia (3).

The sedation and anesthetic plan should be discussed with the patient, questions
answered, and incorporated into the written informed consent for the pulmonary inter-
vention. An anesthesia provider should be included in the perioperative care team when

® aprolonged or therapeutic endoscopic procedure may require more than moderate
sedation, that is, deep sedation;

® there is anticipated intolerance, documented intolerance, or paradoxical response,
to standard sedatives during an unsuccessful or aborted procedure;

® there is risk of complication related to severe comorbidity (ASA III or greater);
and

® airway problems are anticipated by history or anatomic variation.

Otherwise, the routine assistance of an anesthesia provider in the care of low-risk
patients for routine pulmonary interventions is not warranted (5).

IV. Equipment and Personnel
The endoscopy center of an institution is an ideal site for interventional pulmonology
because the equipment, personnel, and protocols are in place to prepare and recover
patients for minimally invasive procedures. Personnel are cross-trained, and a select
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Table 3 Recommended Equipment for Pulmonary Procedures

Oxygen source

Nasal cannula

Oxygen mask capable of delivering FiO, > 90%

Oropharyngeal and nasopharyngeal airways in various sizes

Laryngeal mask airways (LMA 4 and 5 for most adults)

Endotracheal tubes in various sizes

Laryngoscope with Macintosh and Miller blades, various sizes

Ambu bag with appropriate size masks; consider PEEP valve

Suction device and canister capable of continuous suction at —150 mmHg
Yankauer suction catheter

group of nurses will have sedation training and advanced life support skills. Staff
responsible for procedural sedation will likely participate in a program to maintain
sedation skills through experience, continuing education in pharmacology, and oppor-
tunities for simulator training.

Table 3 lists the recommended equipment for pulmonary procedures. In addition
to frequent clinical assessment, standard monitoring consists of cardiac telemetry,
noninvasive blood pressure, and pulse oximetry. Carbon dioxide (CO,) monitoring
should be considered in patients with moderate to severe pulmonary disease or baseline
hypercapnia. Capnography, or end-tidal CO,, would be appropriate when an endo-
tracheal tube or laryngeal mask airway have been placed. Without an artificial airway,
transcutaneous CO, is an accurate estimate of the arterial partial pressure of CO, when
compared with end-tidal CO, during thoracic surgery and one-lung ventilation (6).

V. Physiology: The Lateral Decubitus Position and Medical
Thoracoscopy
Patient positioning for medical thoracoscopy will be determined by the patient’s body
habitus and the operator’s experience. A lateral decubitus position is common. This
allows the operator ease of access to the lateral chest and improved thoracoscopic
visualization of anterior and posterior aspects of the pleural space and lung surface.

A. Normal Physiology

In the upright position, the traditional concept of gravity-dependent pulmonary blood
flow characterizes four zones relating perfusion to ventilation. Normally, the distribution
of blood flow is 55% in the right lung and 45% in the left lung. In the lung apices (zone 1),
alveolar pressure dominates and no gas exchange occurs, but in the lung bases, perfusion
may be influenced by the arterial to interstitial fluid pressure difference (zone 4). In the
mid to lower lungs, the ventilation-perfusion relationship is improved as arterial and
venous pressures increase. Normally, very little of zone 1 exists.

B. Lateral Decubitus Position Physiology
Ventilation and perfusion physiology changes little in the lateral decubitus position.
Gravity decreases blood flow to the nondependent lung by at least 10%, resulting in 60%
blood flow to the dependent lung and 40% to the nondependent lung, regardless of the
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side down. The dependent lung ventilation is greater than the nondependent lung
because the dependent hemidiaphragm rests at a higher position in the chest. A more
forceful hemidiaphragm contraction produces greater negative pleural pressure.
Perfusion increases more than ventilation in the dependent lung compared to the non-
dependent lung. Overall, the lateral decubitus ventilation-perfusion relationship (V/Q)
remains similar to the upright position. During spontaneous breathing and moderate
sedation, the V/Q relationship should not change. In contrast, a state of deep sedation or
general anesthesia decreases functional residual capacity. Now, the nondependent lung
becomes more compliant relative to the dependent lung, and the distribution of venti-
lation favors the nondependent lung. Blood flow distribution is not affected, and
dependent lung perfusion is greater than the nondependent lung.

While sedated and breathing spontaneously, if the chest is open to atmospheric
pressure, there should not be any significant V/Q alterations. However, the mechanics of
the chest will change somewhat. With inspiration, the mediastinum shifts toward the
dependent pleural space because of the negative pleural pressure relative to the atmo-
spheric pressure of the nondependent pleural space. The tidal volume of the dependent
lung will be decreased an amount equal to the mediastinal shift. The mediastinum shifts
back to the nondependent side during exhalation. Paradoxical respirations of the non-
dependent lung may be observed. It will appear to collapse during inspiration when
residual air flows to the dependent lung caused by negative pleural pressures, and partial
lung expansion occurs during exhalation as air flows into the trachea and nondependent
lung because of the dependent pleural pressure increase relative to the nondependent
atmospheric pleural pressure (7).

If the operative nondependent lung collapses during the procedure, one-lung
ventilation physiology will ensue. Right to left perfusion shunting occurs by a grav-
itational effect as well as hypoxic pulmonary vasoconstriction (HPV), which protects the
patient from a significant drop in arterial partial pressure of oxygen (PaO,). For HPV to
be most effective, it is important to maintain adequate FiO,, normocapnia, and nor-
mothermia. HPV is maximal when pulmonary artery pressure is normal. Sedative-
hypnotics and opioid analgesics studied to date have no significant effect on HPV.
Nitrous oxide may reduce HPV.

VI. Anesthetic Techniques
In many parts of the world, bronchoscopy is performed on cooperative patients with
topical anesthesia only, albeit most patients prefer some sedation for procedures. Indeed,
adequate topical anesthesia of the tracheobronchial tree is critical to successful bron-
choscopy, and local anesthetic infiltration of soft tissue and periosteum at pleural
insertion sites facilitates thoracic procedures.

A. Local Anesthetics
Local anesthetics prevent or relieve pain by impairing permeability of neuronal mem-
branes to sodium, preventing depolarization of the membrane and interrupting nerve
conduction. They interact directly with one or more sites within the voltage-gated
sodium channels to raise the threshold necessary for depolarization, leading to failure of
impulse generation and propagation (8). The duration of action is proportional to the time
of contact with the neuronal membrane. Vasoconstrictors, for example, epinephrine,
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Table 4 Manifestations of Lidocaine Toxicity

S

24 Cardiovascular depression or collapse

Respiratory arrest

Coma

Seizures

Altered or loss of consciousness
Muscle twitching

Visual and auditory disturbances
Lightheadedness

0 Perioral and tongue numbness
pg/mi

121

increase contact time by delaying vascular absorption; local anesthetic effect is prolonged
and peak blood concentrations are lower.

Serious toxicity is related to effects on the central nervous system (CNS) and
cardiovascular system (Table 4). Adverse reactions are attributed to dose, absorption,
vascular injections, and rate of rise to peak plasma concentration. Initial signs of local
anesthetic toxicity are excitatory because of blockade of inhibitory pathways in the CNS.
Patients may be drowsy, dysphoric, confused, or agitated. Higher levels produce muscle
twitching, tremors, and generalized convulsions. Still higher levels will lead to coma,
respiratory depression, and cardiovascular collapse. Rarely, cardiovascular collapse with
cardiac arrhythmias and death may occur before signs of CNS excitation. The convul-
sive threshold for local anesthetics is decreased in the presence of hypercapnia. Elevated
PCO, increases cerebral blood flow, causes respiratory acidosis, and results in less
protein binding and more free drug. Rapid action to administer antiseizure drugs and
respiratory support is essential to avoid respiratory acidosis. Convulsions are treated
with small doses of benzodiazepines (BZD), barbiturates (thiopental), or propofol. The
lethal dose of bupivacaine was increased in a rat model (9) and survival was increased in
dogs given cardiotoxic doses of bupivacaine (10).

Amide-type local anesthetics are extensively bound to proteins, particularly ol-
acid glycoprotein and albumin. Hypoproteinemia will alter the amount of free drug
available for hepatic metabolism and influence the potential for systemic toxicity.
Solutions of local anesthetics may contain preservatives, or epinephrine, which may
cause true allergic reactions or hemodynamic changes, respectively.

Lidocaine, the prototypical amide local anesthetic, is used routinely for tracheo-
bronchial anesthesia. Lidocaine is rapidly absorbed and possesses antitussive properties.
Clinically significant cardiovascular depression usually occurs at serum lidocaine levels
that produce marked CNS effects. The amount of lidocaine used during bronchoscopy
has traditionally been limited to 4 mg/kg total dose in gel, aerosolized, nerve block, and
dilute topical solution (Fig. 1). Absorption from alveoli is rapid. The British Thoracic
Society guidelines recommend using the smallest dose necessary with a limit of 8.2 mg/
kg in adults (3). Frey et al. demonstrated the safety of high-dose lidocaine (> 12 mg/kg)
during routine bronchoscopy with moderate sedation by midazolam and fentanyl. Serum
lidocaine levels and methemoglobin levels remained very low (11). For infiltration
anesthesia, the lidocaine limit is approximately 7 mg/kg.
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R

Figure 1 Lidocaine 4% can be nebulized to anesthetize the oropharnyx, glottis, and proximal
trachea. Transtracheal injection of lidocaine 4% (3—4 mL; 120-160 mg) will anesthetize the
proximal trachea and glottic structures. Atomizer tubing can be attached to a syringe to apply
lidocaine 4% to the base of the tongue, oropharynx, epiglottis, and hypopharynx.

Bupivacaine is not used as a topical anesthetic but rather for subcutaneous
infiltration at the superior aspect of the rib for prolonged anesthesia and analgesia after
pleuroscopy or chest tube insertion. Bupivacaine infiltration for the placement of an
indwelling pleural catheter will provide up to 24 hours of postprocedural analgesia. It can
be combined with lidocaine for a rapid onset. The total dose should not exceed 3.5 mg/kg,
especially when administered in anatomic sites with rapid absorption, for example,
intercostal nerve block. Except for less cardiotoxicity, ropivacaine pharmacology is
similar to bupivacaine. Mepivacaine is not effective as a topical anesthetic. It is similar to
lidocaine except for greater protein and tissue binding that increases the duration up to
four hours. Addition of vasoconstrictor will prolong the anesthetic action (8).

Infiltration Technique Field Block Anesthesia

The following conditions are necessary for this technique: Use an alcohol swab or
chlorhexidine sponge to clean the skin at the planned site(s) of pleural instrumentation.
After adequate sedation, local anesthetic is injected liberally into subcutaneous tissues
with a 25-gauge, 1.5 inch needle. By the time the patient is prepped, draped, and the
operator has sterile attire, the operative site will be anesthetized. If anesthesia is inad-
equate, take time to inject additional local anesthetic so that patient comfort by deep
sedation can be avoided.

B. Airway Anesthesia

Superior Laryngeal Nerve Block
The superior laryngeal nerve is easily anesthetized where it penetrates the thyrohyoid
membrane between the greater cornu of the hyoid bone and the superior cornu of the
thyroid cartilage (Fig. 2). The hyoid bone can be identified as the small mobile bone in
the crease of the neck just superior to the thyroid cartilage. In the semirecumbent
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Figure 2 Superior laryngeal nerve block. (1) Needle contact on the greater cornu, (2) needle
directed inferiorly. From Ref. 12.

position with the head extended, the hyoid bone is displaced toward the side to
be blocked with the index finger while the greater cornu is palpated with the thumb of
the same hand. A 25-gauge needle is advanced until it makes contact with this structure,
then walked off the bone inferiorly and advanced 2 to 3 mm so that the tip of the needle
rests between the thyrohyoid membrane laterally and the laryngeal mucosa medially. If
careful aspiration for blood and air is negative, 2 to 3 mL of lidocaine 1% is injected. An
additional 1 mL can be injected as the needle is withdrawn. Alternatively, the needle can
be walked cephalad off the superior cornu of the thyroid cartilage. The injection is
repeated on the opposite side.

Transtracheal/Translaryngeal Injection
Transtracheal injection is a rapid, simple, and effective method of applying topical local
anesthetic to the infraglottic larynx and upper trachea (Fig. 3). Knowledge of neck
anatomy is critical to avoid needle injury to neck structures or intravascular injection.
Coughing is reduced if the injection is preceded by aerosolized lidocaine and/or light
sedation with a sedative and opioid. In the semirecumbent position with the neck
extended, the cricothyroid membrane is located in the space between the thyroid and
cricoid cartilages. The midline of the membrane is then located and held in place by
the index and middle finger of the nondominant hand. After a skin wheal is placed, a
20-gauge needle connected to a 5-mL syringe containing 3 to 4 mL of lidocaine 4% is
then advanced perpendicular to the skin while being aspirated. Penetration of the
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Figure 3 Transtracheal lidocaine injection. From Ref. 12.

membrane and entry into the trachea are confirmed by free aspiration of air. The needle
should not be advanced any further; inject lidocaine quickly and immediately
remove the needle from the airway. Alternatively, a 20-gauge IV catheter-over-needle
and fluid-filled syringe are inserted until air is aspirated. The needle is removed, and
after confirming the catheter position within the trachea by air aspiration, lidocaine is
injected. Local anesthetic injection at the end of inspiration will deliver more solution to
the proximal trachea and subglottic mucosa. After injection, the catheter is removed.

VIl. Sedation and Analgesia Pharmacology

A. Benzodiazepines
Four BZD are commonly used for procedural sedation. Three drugs are BZD receptor
agonists: midazolam, diazepam, and lorazepam. They produce anxiolysis, sedation,
antegrade amnesia, and centrally mediated muscle relaxation, but they lack any anal-
gesic properties. One drug, flumazenil, is a BZD receptor antagonist.

Benzodiazepines enhance gamma-aminobutyric acid (GABA) neuroinhibitory
effects mediated by GABA receptor, subtype A, in the brain and spinal cord. Receptor
activation by benzodiazepines alters the receptor-associated chloride ionophores,
resulting in a prolonged, intense neuronal hyperpolarization resistant to excitation.
Enhanced receptor affinity for GABA may play a role (13,14).

Individual BZD lipophilicity and protein binding differ, which influences their
varied pharmacokinetics. Diazepam and midazolam are metabolized through oxidation
by the cytochrome P450 (CYP) enzymes, CYP2C19 and CYP3A4. Hepatic enzyme
induction by ethanol abuse or antiepileptic drugs, and drug interactions, specifically
CYP3A4 inhibition (antiretroviral drugs, macrolide antibiotics, calcium channel
antagonists), may influence the dose response. Lorazepam undergoes glucuronide
conjugation, and drug effect is influenced less by drug-drug interactions or coexisting
liver disease. Individuals older than age 65 more frequently exhibit paradoxical agita-
tion, not sedation.
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Cardiorespiratory effects are minimal to moderate even at large doses. In general,
midazolam causes a slightly greater decrease in blood pressure. Central respiratory
depression, even apnea, can occur, but in general, the therapeutic margin is wide
for this adverse effect (15). When BZD are combined with opioids, greater hemody-
namic alterations, respiratory depression or apnea, may be seen with relatively small
doses (16).

Midazolam is commonly used for procedural sedation. Its popularity is related to
water solubility, lack of venous irritation, rapid onset, and a brief duration of action.
Rapid redistribution from the brain and metabolism account for the short duration of
action. The elimination half-life of midazolam is one to four hours (13,14).

Midazolam can increase heart rate and decrease blood pressure. The hemody-
namic effects are dose related, and midazolam with an opioid may be supra-additive for
hypotension. Adequate sedation with midazolam and alfentanil will attenuate the car-
diovascular response to diagnostic or interventional bronchoscopy as effectively as
labetolol (17). Central respiratory drive can be depressed by as little as 2 mg, especially
in patients with COPD. The peak effect is seen in five minutes and may last for two
hours. Transient apnea may occur when midazolam is combined with opioids (18).

Incremental doses of 0.5 to 2 mg IV are appropriate to induce sedation. The total
dose required for sedation ranges from 0.05 to 0.15 mg/kg. Rapid hypnosis occurs when
a single dose of 0.1 to 0.15 mg/kg is given IV. In general, the elderly require less drug
and far less drug is required for sedation when administered with an opioid. Stem cell
transplant recipients and HIV patients who abuse drugs require higher doses of mid-
azolam for bronchoscopy, even when combined with opioids. Increased drug require-
ment might be related to CYP3A4 enzyme induction (19).

The highly lipid soluble BZD, diazepam, is useful for the treatment of seizures,
alcohol withdrawal syndrome, anxiety, and skeletal muscle spasm. It may cause pain and
venous inflammation when injected intravenously. Metabolism creates two active
metabolites, desmethyldiazepam and oxazepam. Desmethyldiazepam is slightly less
potent than diazepam; metabolism is slow, contributing to sustained effects lasting two
to four days in the elderly and patients with advanced liver disease (13); thus, a dis-
advantage for use in procedural sedation.

One of the most potent BZD, lorazepam is intermediate to long acting with a
profound amnestic effect compared with diazepam or midazolam. It is seldom used for
procedural sedation in the outpatient setting because of the slow onset of peak effect and
a potential for prolonged psychomotor impairment.

Flumazenil antagonizes the central effects of agents acting at the BZD receptor.
BZD-induced sedation and psychomotor impairment are rapidly reversed by flumazenil
administered IV, but less consistent effect occurs for neurocognitive dysfunction and
respiratory depression. Flumazenil has been used after bronchoscopy to improve
breathing and oxygen saturation (15). Side effects associated with rapid reversal of BZD-
induced sedation include nausea, emesis, tachycardia, hypertension, headache, and rarely
seizures. Sedation reversal is evident within 1 to 3 minutes and peaks in 10 minutes. The
usual dose is between 0.2 and 0.6 mg. A dose of 0.2 mg is associated with partial
antagonism, and doses as high as 1.0 mg usually produce complete competitive antag-
onism of sedation-hypnosis. Repeated doses of 0.2 mg can be given at one-minute
intervals to a maximum of 3 mg in one hour (13). Respiratory depression after an opioid
and a BZD should be reversed with the opioid antagonist naloxone before flumazenil.
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The half-life of flumazenil, approximately one hour, is the maximal duration of
clinical benefit from a single intravenous dose unless the patient has severely impaired
liver function (13). Sedation may reappear gradually within one to two hours after
flumazenil. The patient should remain closely monitored until all possible central BZD
effects have subsided. If sedation recurs, repeated doses can be given or a continuous
infusion started at a dose of 0.1 to 0.4 mg/hr.

B. Propofol
Propofol is a rapid and short-acting intravenous anesthetic that has been evaluated
extensively and used for sedation. If administered by continuous infusion, different
levels of sedation can be achieved rapidly by changing the dose. Recovery is rapid and
not accompanied by a hangover effect, even after prolonged infusions. Amnesia is not a
consistent feature of propofol use, but the addition of a small dose of midazolam does
not delay recovery or interfere with “euphorigenic” mood alteration and antinausea
properties (20). Drug effect cannot be reversed because propofol does not have a specific
antagonist.

In the present formulation, the drug is highly lipid soluble, resulting in an onset of
action within 60 seconds. After a single bolus, the rapid decline in drug level is
explained by redistribution and elimination. Biotransformation of propofol is excep-
tionally high. Cirrhosis does not alter the pharmacokinetic properties. Extrahepatic
clearance of propofol exists because propofol’s clearance exceeds hepatic blood flow,
and metabolism has been confirmed during the anhepatic phase of liver transplantation.
The drug may impair its own clearance by decreasing hepatic blood flow (21). The lung
is an important extrahepatic site for metabolism of propofol, responsible for approxi-
mately 30% uptake and first-pass elimination after a bolus dose (22). The initial
distribution half-life is two to eight minutes with an elimination half-life of one to
three hours.

The mechanism and site of action probably involves interactions with the GABA
subtype A receptor complex, causing changes in chloride ion conductance. Sedation and
hypnosis are dose dependent (13,20). Doses of 2 to 2.5 mg/kg induce rapid loss of
consciousness not associated with any significant excitatory effects. Sedation loading
doses of 0.25 to 0.75 mg/kg are followed by a continuous infusion of 25 to 75 pg/kg/min.
Lower infusion rates are possible when propofol is used with BZD and opioids. Alter-
natively, sedation can be accomplished by titrating small doses of 10 to 40 mg IV.

Alternatively, sedation can be accomplished by titrating small doses of 10 to
40 mg IV.

The effects on different organ systems are dose dependent and predictable. Pro-
pofol decreases systemic vascular resistance and myocardial contractility, but heart rate
is unchanged. Upper airway reflex inhibition frequently causes airway obstruction. The
ventilatory response to hypoxia and hypercapnia can be depressed, necessitating oxygen
therapy, but with small doses, there are no significant changes in tidal volume, minute
ventilation, end-tidal CO,, or arterial blood gas values. Low concentrations of propofol
can attenuate vagally mediated bronchoconstriction; higher doses attenuate methacho-
line-induced bronchoconstriction. In sedation doses, there is less blood pressure change,
respiratory depression, or apnea (20). Adverse events are related to the dose, speed of
injection, and concomitant use of opioids. Dosage reductions are recommended in
hypovolemia, low cardiac output states, and the elderly.
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The lipid emulsion formulation causes pain on injection, especially in the small
veins on the dorsum of the hand. This may be mistaken as an excitatory reaction during
the induction of sedation or general anesthesia. To minimize injection pain, a venous
catheter should be placed in the larger veins of the arm, and lidocaine 20 to 40 mg
injected prior to propofol or added to the propofol syringe. The clinician should follow
strict aseptic technique and discard any unused drug within six hours to avoid bacterial
growth in the lipid emulsion.

Fospropofol Disodium

A water soluble prodrug of propofol, fospropofol disodium (LUSEDRA™ Eisai Cor-
poration of North America) was approved as an intravenous sedative-hypnotic by the
Food and Drug Administration (FDA) in December 2008. Fospropofol bio-
transformation to propofol delays the peak concentration of propofol by four to six
minutes, and consequently, the peak concentration is lower and more sustained com-
pared to propofol emulsion (23). Study patients reported a minor adverse effect of
inguinal and perineal parasthesias. The drug manufacturer is seeking FDA approval of
fospropofol disodium use by nonanesthesia personnel, and additional clinical studies are
planned for cohorts consisting of adolescents, patients at the extremes of age, and
patients who are ASA class III or IV.

C. Dexmedetomidine
Dexmedetomidine (DEX) was approved by the FDA in 1999 for short-term sedation of
critically ill adults. Since then, off-label use as an anesthetic adjunct and in other clinical
settings has grown steadily (24). DEX is an imidazole derivative that is highly selective
for the a-2 adrenergic receptor. Activation of the alpha-2A (x-2A) adrenergic receptor
produces both sedation and analgesia but does not reliably produce general anesthesia
even at maximal doses. Sedation occurs by a-2A receptor activation in the locus cer-
uleus and spinal cord and acts through the endogenous sleep-promoting pathways to
exert the sedative effect (13,25), which has been described as similar to natural sleep.
Patients are relatively easy to arouse during and after DEX infusion. Adequate sedation
is characterized by anxiolysis, comfort, cooperation, and communication. However,
amnesia is not a reliable feature of DEX sedation. When used for dental procedures,
DEX sedation was comparable to midazolam except for decreased hemodynamic vari-
ables and less amnesia (26). The recommended loading dose is 1 pg/kg given over
10 minutes, followed by continuous infusion at a rate of 0.2 to 0.7 pg/kg/hr (13). The
distribution and terminal half-lives are six minutes and two hours, respectively. The drug
has not been studied in pregnancy and may be harmful to the fetus (C rating, potential
risk). A combination of opioid and DEX is synergistic for analgesia but not for respiratory
depression, an apparent opioid-sparing effect for analgesia. Activation of the a-2A
adrenergic receptor is sympatholytic. Reduced dosing, even forgoing the loading dose,
should be considered in patients with risk factors for severe hypotension or bradycardia.

Sedation and analgesia are achieved without significant respiratory depression.
Minute ventilation may decrease slightly, but PCO, and PaO, remain stable, even during
deep sedation. The slope of the ventilatory response to increasing CO, is unchanged.
Respiratory parameters are similar to those induced during natural sleep, a distinct
advantage in patients who are not intubated and mechanically ventilated. Reports of
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DEX use for pulmonary procedures are emerging. The Cleveland Clinic reported a case
of uneventful endobronchial valve deployment for lung volume reduction in an elderly
patient with severe COPD (27). In a pilot study of 10 patients with moderate-to-severe
COPD undergoing bronchoscopy, patients received small amounts of midazolam and
fentanyl followed by an infusion of DEX at 1 pg/kg/hr. Hemodynamics remained stable,
and no respiratory complications occurred (28).

D. Ketamine

Ketamine is the only IV anesthetic with potent analgesic, hypnotic, and anterograde
amnestic effects. A phencyclidine derivative, it induces a state of dissociative anesthesia
from electrophysiologic dissociation between limbic system excitation and cortical
inhibition. Patients appear to be in a cataleptic state with open eyes, slow gaze, mainte-
nance of spontaneous respiration, and occasional reflex movements. Therefore, the usual
signs of sedation depth may not apply. There is no specific antagonist of ketamine.
Although the drug is versatile, it has not gained popularity for procedural sedation because
of a lack of experience with the drug and potential psychomimetic effects (29). The
mechanism of action appears to involve competitive antagonism at N-methyl-D-aspartate
(NMDA) receptors throughout the central nervous system. Hepatic metabolism generates
a less active metabolite, norketamine. The elimination half-life is two hours (13). The
onset of action is rapid after usual doses of 0.5 to 2 mg/kg IV. Lower doses, titrated to
effect, are appropriate for moderate sedation when combined with BZD, propofol, or both.
The combination decreases emergence reactions. Airway patency, oropharyngeal muscle
tone, and spontaneous respirations are maintained during ketamine sedation-anesthesia,
especially when the drug is given slowly. Cardiovascular stimulation and cerebral vas-
odilation are dose dependent (29). A ketamine-propofol combination may be superior to
other drug combinations for sedation during bronchoscopy, but a large comparison trial
has not been conducted (30).

E. Opioids
Opioids are a structurally related class of natural or synthetic agents that have morphine-
like properties. Opioids are classified by pharmacodynamic activity: agonists, antago-
nists (naloxone), mixed agonist-antagonists (butorphanol, nalbuphine). The clinical
effects depend on opioid-specific receptor binding: mu, kappa, sigma, and delta.
Sedation and respiratory depression are mediated by mu, kappa, and delta receptors.
Analgesia results from opioid interaction with peripheral receptors on sensory nerves
and central receptors in the dorsal horn of the spinal cord, brainstem medulla, and
cerebral cortex (31).

Central Nervous System Effects

High doses of opioids may cause deep sedation or hypnosis; they do not reliably produce
amnesia. Opioids can reduce cerebral metabolic oxygen requirements, cerebral blood
flow, and intracranial pressure if ventilation is unchanged. Stimulation of the chemo-
receptor trigger zone located in the area postrema of the brain stem can result in
vomiting. Actions within the medullary cough center are antitussive, although fentanyl
in moderate doses (2-7 pg/kg) can induce coughing when given rapidly. Normeperidine,
an excitatory metabolite of meperidine, can accumulate with repeated dosing or
impaired kidney function. Normeperidine may cause seizures.
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Respiratory Effects
Opioids activate mu receptors in the respiratory centers of the ventromedial medulla
responsible for respiratory rhythm and frequency (32). Minute ventilation decreases
primarily by a reduction in respiratory rate. The ventilatory response to CO, is
depressed; the CO, response curve is decreased and shifted to the right. The ventilatory
response to hypoxemia is blunted. These opioid-induced alterations depend on the dose,
route of administration, comorbidities, genetics, sex, and age (33). Generalized skeletal
muscle rigidity can occur with rapid injection of large doses of opioids. Loss of chest
wall compliance and contraction of laryngeal and pharyngeal muscles can be severe,
resulting in ventilatory difficulty even with positive-pressure ventilation. Muscle rigidity
occurs more frequently with the synthetic opioids fentanyl, sufentanil, and remifentanil.
Small amounts injected slowly avoid muscle rigidity. Naloxone, a pure narcotic
antagonist, will reverse all receptor-mediated effects of opioids, including rigidity (34).

Cardiovascular Effects
At clinically relevant doses, opioids do not cause significant myocardial depression, but
stimulation of the medullary vagal nuclei causes bradycardia. One exception, meper-
idine, which has a chemical structure resembling atropine, may cause tachycardia.
Hypotensive effects are most prominent in patients with increased sympathetic tone as
seen in congestive heart failure or hypovolemia. Blood pressure changes are less
common in isovolemic, supine patients. However, orthostatic hypotension may be seen
in patients with autonomic neuropathy. Morphine and meperidine can cause vaso-
dilatation and tachycardia from a non-IgE-mediated release of histamine. Fentanyl and
sufentanil tend to decrease heart rate more than morphine. Blood pressure may drop in
response to diminished sympathetic tone. Neither has any direct, negative inotropic
properties, nor do they trigger histamine release. Nonetheless, hemodynamic dis-
turbances are generally minimal in patients with preserved left ventricular function.
Alfentanil does not cause histamine release or direct myocardial depression. As a sed-
ative, remifentanil provides more stable hemodynamics than propofol (34).

Morphine is a poor choice for sedation because of the slow onset and intermediate
duration of action. The active metabolite, morphine-6-glucuronide, has mu receptor
activity equal to morphine. In some individuals, peak effect for analgesia and respiratory
depression may not be seen for 30 to 45 minutes. The once popular analgesic, meper-
idine, has been implicated in a variety of adverse events.

Fentanyl
A synthetic opioid 100 times more potent than morphine, fentanyl increases pain
threshold, alters pain reception, and inhibits ascending pain pathways. If administered
1V, the duration of sedation and analgesia is 0.5 to 1 hour, but respiratory depression
may last longer. The drug is highly lipophilic with redistribution into muscle and fat.
Protein binding is high and metabolism primarily hepatic by CYP3A4. For minor pro-
cedures, small doses of 25 to 50 pig are given IV and repeated every three to five minutes
until the desired effect is achieved. Total dose decreases when fentanyl is combined with
other sedatives.

Other synthetic opioids, such as the fentanyl congeners alfentanil, sufentanil, and
remifentanil, may not be as useful as fentanyl for sedation and analgesia. Sufentanil is
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significantly more potent than fentanyl and must be used in very small amounts to avoid
respiratory compromise. Remifentanil is a unique narcotic, equipotent to fentanyl, with a
five- to eight-minute duration of action. It is rapidly metabolized by plasma esterases
and, therefore, must be administered by continuous infusion (34).

F. Opioid Antagonism: Naloxone
A nonselective, competitive opioid receptor antagonist, naloxone, reverses sedation and
respiratory depression caused by opioids. The onset occurs within two minutes; duration
of action is 30 to 60 minutes. The depressive effects of mixed agonist-antagonist such as
butorphanol tartrate (Stadol), nalbuphine (Nubain), and buprenorphine (Buprenex) can
also be reversed by naloxone. Adverse reactions associated with abrupt reversal of
opioid effect include tachycardia, hypertension, arrhythmias, pulmonary edema, nausea,
and vomiting. Seizures can occur, but no causal relationship has been established.
Naloxone may precipitate a withdrawal syndrome in narcotic-dependent patients. Drug
effects on the developing fetus are not known.

Initially, airway support is the priority for patients who are hypoventilating and
hypoxemic. The usual dose of naloxone given to reverse an oversedated patient with
respiratory depression is 0.4 mg given intravenously, intramuscularly, or a larger dose
with 10 mL saline by endotracheal tube. To avoid abrupt reversal, low-dose naloxone,
40 pg IV (0.04 mg), can be repeated every few minutes until an increased respiratory
rate is observed or the patient wakes up. Naloxone has a short half-life, and individuals
must be observed carefully to detect any return of opioid effect. A continuous infusion of
5 pg/kg/hr can be used for the expected duration of narcotic effect. Recovery room
personnel should be alerted when naloxone has been given.

G. Alternative Methods

Patient-Controlled Sedation
Patient-controlled sedation (PCS) uses single agents or drug combinations administered
by the patient to meet their desired level of sedation and comfort. Theoretically, deep
sedation should be avoided (35). Specialized pumps deliver a preset dose of medication
and allow time for the peak effect. Procedure efficiency may be compromised by the
dosing regimen (36). For colonoscopy, maximal sedation scores, adverse events, and
patient satisfaction were equivalent to traditional methods of sedation for similar pro-
cedures (37,38). Efficacy of PCS for bronchoscopy was demonstrated in a comparison of
propofol combined with alfentanil or ketamine. Amnesia and overall comfort were rated
highly by patients (34). More study is required to demonstrate significant advantages of
PCS over the simplified techniques utilized in contemporary practice.

Nitrous Oxide Sedation
The use of nitrous oxide (N,O) outside of the operating room has gained popularity
because it is easy to administer by facemask with a predictable short duration. The
colorless, odorless gas is insoluble in blood and tissues, undergoes no biotransformation,
and is eliminated by the lungs. It is a weak anesthetic agent unable to produce reliable
surgical anesthesia, but analgesia is possible at concentrations as low as 20%, and higher
concentrations induce moderate sedation. Premixed 50:50 nitrous oxide and oxygen has
been used successfully in bronchoscopy. Overall pain and cough were lower in the
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patients receiving nitrous oxide by facemask, potentially an alternative to general
anesthesia (39). A similar study in pediatric patients demonstrated improved sedation-
analgesia and minor side effects (40). The use of nitrous oxide during bronchoscopy
with an artificial airway (endotracheal tube, laryngeal mask airway) has not been
studied. Obvious disadvantages of nitrous oxide use are waste gas scavenging and
delivering an adequate FiO, during periods of oxygen desaturation.

H. Neuromuscular Blockade
Because adequate operating conditions are achieved routinely with topical anesthesia and
moderate sedation, neuromuscular blockade is not used for interventional pulmonary
procedures. Patient movement, in most instances, does not necessarily present a threat to
life or hinder the successful completion of the procedure. There are exceptions. Patients
requiring mechanical ventilation may be paralyzed with neuromuscular blockers and
heavily sedated because of lung injury, difficulty oxygenating and ventilating, airway
obstruction, and fistulas. Other exceptions may be related to operator preference in
patients on mechanical ventilatory support who are adequately sedated and need (i) an
endotracheal tube changed to accommodate a larger diagnostic or therapeutic broncho-
scope, (ii) percutaneous tracheostomy, (iii) airway procedures but have intracranial
pathology or brain injury with an elevated intracranial pressure, or (iv) tracheal or bron-
chial staged procedures when postprocedural mechanical ventilation is planned. If neu-
romuscular blockade is needed, adequate sedation must be ensured and mechanical
ventilatory support adjusted to optimize oxygenation and ventilation in the paralyzed
patient.

The two intermediate-acting, nondepolarizing, neuromuscular blocking agents,
rocuronium and cisatracurium, are the most appropriate choices. Rocuronium has a
steroid nucleus similar to vecuronium, and a rapid onset at dosages of 0.6 to 0.9 mg/kg.
With the lower dose, peak effect may take up to three minutes after intravenous
injection. There is no histamine release and no significant hemodynamic changes
associated with the use of this drug. Cisatracurium, chemically similar to atracurium,
undergoes in vivo inactivation by chemical structure rearrangement. Adequate muscle
relaxation occurs in two to three minutes with doses of 0.1 to 0.15 mg/kg. The duration
of neuromuscular blockade will be 20 to 40 minutes. There is no significant histamine
release or cardiovascular change with large doses of cisatracurium.

If neuromuscular blockade is a consideration in any other setting, such as the
endoscopy suite or the operating room, it would be prudent to call upon anesthesiology
colleagues to provide their expertise in managing the patient during the procedure. This
will ensure adequate preparation, equipment, and personnel are available to meet a high
standard of safety and comfort for the patient and bronchoscopist.

VIIl. Recovery After Procedural Sedation
A patient who has undergone a procedure requiring moderate sedation requires con-
tinuous monitoring during the recovery phase. Supplemental oxygen should be admin-
istered until the patients return to their baseline oxygen saturation (room air or baseline
supplemental oxygen) or they maintain a saturation of greater than 92% to 95% on room
air. Vital signs are monitored at 15-minute intervals until the patient is awake, alert, and
meets discharge criteria (1). Recovery personnel assess patients’ readiness for discharge
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by scoring systems for physiologic functions (respiration, circulation, consciousness,
activity level) and well-being (nausea/emesis, tolerating oral liquids).
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l. Introduction
The number of newly diagnosed lung cancers will be greater than 200,000 in 2008 (1).
As many as 25% to 30% of these will present as peripheral lesion (2). When a peripheral
lesion is initially identified, the pretest probability of lung cancer should be assessed.
This estimate of the probability of lung cancer being present should be based on a
careful history, physical exam, and review of CT images. Factors to focus on include the
lesion’s size, morphology, type of opacity, and growth rate (3). However, to confirm a
diagnosis, a tissue biopsy will frequently be required.

The site of biopsy will depend on the clinical context. Often, the diagnostic
workup answering the question whether a patient has cancer is occurring in parallel with
the staging workup, which answers the question of the extent of cancer spread. A
concurrent staging evaluation is usually warranted if the pretest probability of malig-
nancy is high. In this way, diagnosis and staging can be provided with the least number
of invasive procedures. Often this entails performing a biopsy at a site that would
identify the greatest extent of disease. For example, biopsy of an enlarged lymph node
may be more desirable than biopsy of a mass, since it may serve the dual purpose of
diagnosis and staging. In other instances, biopsy of a peripheral lesion may be the best
approach, especially if there is already evidence of metastatic disease elsewhere.

In those instances in which biopsy of a peripheral lesion is warranted, it is useful
to be familiar with a wide range of diagnostic techniques, since the best approach will
often vary with the clinical context in a given patient. In this chapter, we will review
specific techniques that target peripheral lesions, focusing on their diagnostic sensitivity,
specificity, and complication rates.

Il. Traditional Techniques
Traditional diagnostic techniques for peripheral lesions can be divided into broncho-
scopic and percutaneous approaches. Bronchoscopic approaches typically utilize flexi-
ble bronchoscopy with a combination of bronchoalveolar lavage (BAL), cytology
brushing, transbronchial biopsy (TBBX), and peripheral transbronchial needle aspiration
(TBNA). Percutaneous approaches typically use some form of image guidance, such as
fluoroscopy, CT imaging, or ultrasound, to guide percutaneous fine needle aspiration.

186
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A. Bronchoscopic Approaches
Conventional flexible bronchoscopy has had limited success when used for small
peripheral lesions. A review of 30 studies evaluating the role of flexible bronchoscopy
for peripheral bronchogenic carcinoma demonstrated an overall mean sensitivity of 69%
that decreased to 33% in peripheral lesions <2 cm (2). Diagnostic sensitivity and yield
seem to vary significantly on the basis of size and location of the lesion. For example, in
one study of 129 patients with peripheral solitary pulmonary nodules (SPNs), diagnostic
yield was 64% for malignant and 35% for benign lesions (4). However, stratification
based on size and location demonstrated a diagnostic yield of 14% for SPNs <2 cm in
diameter that were located in the outer 1/3 of the lung. For lesions <2 cm in size located
in the middle 1/3 of the lung, the yield increased to 31%. If the lesions were greater than
4 cm and in the outer 1/3 of the lung, the yield was still 77%. We can conclude that
flexible bronchoscopy using traditional methods had a significantly higher yield when
lesions are larger than 4 cm or are centrally located.

One important way to improve the sensitivity of bronchoscopic diagnosis for
peripheral lesions than one diagnostic technique. For example, in the study cited above,
all patients had BAL, TBBX, and brushing. However, peripheral TBNA was not utilized
at that time as part of the standard approach to peripheral nodules. Subsequently, other
investigators have demonstrated that using peripheral TBNA in addition to traditional
methods (BAL, brushing, and TBBX) increases sensitivity from about 31% to 50%
without any significant increase in complication rates (5). In this study, when BAL,
brushing, TBBX, and peripheral TBNA were performed, TBNA was the sole method
that was diagnostic in 20% of the patients. So the incremental benefit of adding
peripheral TBNA to the standard approach for peripheral lesions was quite large. TBNA
is still underutilized in clinical practice, so this offers an opportunity to improve diag-
nostic yield for patients with a minimal increase in cost (6,7).

B. Percutaneous Approach

Transthoracic fine needle aspiration under CT guidance has been studied extensively
and is a valuable modality for diagnosing peripheral lesions. The reported mean sen-
sitivity and specificity are 90% and 97%, respectively, for malignant disease (2).
However, the complication rate of pneumothorax can be high, ranging from 17% to 33%
(8). Also, there is a potential to spread malignant cells into the pleural space, although
the exact magnitude of this risk is difficult to estimate and there are relatively few
studies reporting this (9,10). In addition, potentially fatal arterial air embolism has been
reported, but these are exceptionally rare occurrences (11,12).

lll. Advanced Techniques

Recent advances in imaging technology have facilitated the development of advanced
diagnostic techniques for biopsies of peripheral lung lesions. The focus has been
overcoming two major roadblocks that limit the diagnostic sensitivity of flexible
bronchoscopy. The first is how to successfully navigate to small distal lesions; the
second is verification that the biopsy site is correct. The remainder of the chapter will
focus on these advanced diagnostic techniques, such as ultrathin bronchoscopy,
CT-guided bronchoscopy, virtual bronchoscopy, electromagnetic navigation and guid-
ance for bronchoscopy (ENB), and endobronchial ultrasound (EBUS).
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A. Ultrathin Bronchoscopy

Bronchoscopes <3 mm in external diameter have been used since the 1980s as a means
to observe peripheral lesions (13,14). Ultrathin bronchoscopes are well suited to
addressing the issue of how to navigate to small distal lesions. However, given the
number of branches, it is easy to become disoriented and it is often not possible to
address the issue of how to verify that the ultrathin scope is actually in the correct place.
In addition, early models had no working channel, so they had limited clinical utility.
With the development of a built-in working channel and improved range of motion for
the tip, there may be a role for newer models to be used in the diagnosis of peripheral
lesions (15). Current commercially available models have an external diameter of
2.8 mm with a channel diameter of 1.2 mm, allowing BAL, TBBX, and brushing with
specially designed forceps and brushes. The entire scope can be passed through the
working channel of a large conventional bronchoscope once wedged at the lung seg-
ment of interest. Currently, ultrathin bronchoscopy remains an adjunct to conventional
bronchoscopy for the diagnosis of peripheral lesions. How much improvement, if any,
in diagnostic yield can be obtained by using ultrathin bronchoscopy in addition to
routine bronchoscopic techniques remains to be determined. Small series have shown
mixed results and the actual techniques used varied (16,17). One promising method of
utilizing ultrathin bronchoscopy is to use ultrathin bronchoscopy only when conven-
tional bronchoscopy yields no immediate diagnosis with rapid onsite cytology. When
employed in this manner, diagnostic yield increased from 54.3% to 62.8% in a series of
32 patients (17).

B. CT Fluoroscopic Guidance for Bronchoscopy
Real-time CT fluoroscopy is an attractive concept since CT provides three-dimensional
verification that the bronchoscope or its instruments are in the right place. CT fluoro-
scopic guidance is performed with the patient on the CT scanner table with the feet first
into the scanner (18-20). Once the bronchoscope is in place, CT fluoroscopy is per-
formed and the location of biopsy tools (forceps, brush, or TBNA) can be determined.
Importantly, while CT fluoroscopy can provide image verification of the location of
biopsy instruments, it cannot necessarily help steer them to the correct location.
Tsushima et al. compared CT fluoroscopy and X-ray fluoroscopy in 160 patients and
found a significantly higher diagnostic yield with CT fluoroscopy in lesions <15 mm
(<10 mm size 42.9% vs. 7.7%, p = 0.028; 10-15 mm size = 54.2% vs. 20% p = 0.039)
(21). Other studies have demonstrated diagnostic yields ranging from 62% to 89%
(Table 1). When peripheral TBNA of nodules was added to CT fluoroscopy—guided
bronchoscopy for nodules up to 3.0 cm in size, a 67% diagnostic yield was achieved
(prevalence of malignancy being 42%) (19). The mean radiation exposure in these
studies was approximately twice the amount of X-ray fluoroscopy. The clinical sig-
nificance of this amount of additional radiation exposure depends in large part on the
clinical context. Given that most bronchoscopy patients are older and often have cancer,
it is doubtful that the long-term effects of increased radiation exposure will manifest.

Ultrathin bronchoscopes have been used in conjunction with CT fluoroscopy for
more controlled maneuverability in the small peripheral airways (20-23). Theoretically,
this can increase the diagnostic yield by providing additional steerability in addition to
image verification of the biopsy site. However, the studies using ultrathin bronchoscopes
in addition to CT fluoroscopic guidance did not have a comparator arm with
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Table 1 Real Time CT Fluoroscopy for Peripheral Lung Lesions

Mean size

Studies n (mm) (range) Ultrathin VB Yield (%)
Wagner et al., 1996 (18) 9 26 (10-45) No No 89
White et al., 2000 (19) 12 22 (10-30) No No 67
Asano et al., 2002 (20) 23 14 (all <20) Yes No 78.3
Shinagawa et al., 2004 (22) 26 13.2 Yes Yes 65
Tsushima et al., 2006 (21) 82 16.7 (5-51) No Yes 62.2
Shinagawa et al., 2007 (23) 85 13.6 Yes Yes 66

Ost et al., 2008 (24) 15 37 + 16 No No 71

Abbreviation: VB, virtual bronchoscopy.

conventional bronchoscopy, which makes it difficult to draw any definitive conclusion
regarding the incremental benefit of utlrathin bronchoscopy.

CT fluoroscopy—guided bronchoscopy has been used for TBNA in patients who
have undergone nondiagnostic TBNA of lymph nodes performed blindly (25). After the
needle pass is made, CT fluoroscopy is performed intermittently to verify that the tip of
the TBNA needle is in the target lymph node. On the basis of the CT fluoroscopy image,
adjustments or additional passes can be made.

One additional interesting role of CT fluoroscopy is bronchoscopic dye marking
for peripheral lesions prior to surgical resection (26,27) In this procedure, a catheter is
placed via the bronchoscope near the visceral pleura closest to the lesion of interest
under CT guidance. Once in place, 0.5 mL of either barium sulfate suspension or other
dye such as indigo carmine can be injected. This facilitates locating the nodule for
surgical biopsy or resection, especially when it is not palpable or visible.

C. \Virtual Bronchoscopy

Virtual bronchoscopy provides a virtual reality, three-dimensional display of the
bronchial lumen reconstructed from preprocedure CT data (28). Virtual bronchoscopy
has been used to evaluate endobronchial abnormalities such as tumors and obstructing
lesions, and to guide TBNA of the lymph nodes (29). Virtual bronchoscopy may have a
role as an adjunct in navigation systems to help guide the bronchoscope to the correct
bronchus that leads to a peripheral lesion. Virtual bronchoscopy can image up to 6th
generation bronchi, depending on the CT technique and algorithms used (30). With
faster multidetector scanners and newer programs, imaging to even higher order
bronchi may be feasible. However, this is done prior to the actual bronchoscopy, so
other imaging methods such as X-ray fluoroscopy, CT fluoroscopy, or EBUS are
usually used in real time to verify the location of biopsy tools (22,30-32). Potentially,
virtual bronchoscopy can decrease procedure time and limit radiation. Currently, there
are only limited data as to whether this technique improves the diagnostic yield, since
the results from studies are confounded by the use of other imaging adjuncts, such as
EBUS, CT fluoroscopy, or X-ray fluoroscopy. Larger studies comparing virtual
imaging against a standard control would be needed to definitively answer this ques-
tion. To date, there are no randomized trials assessing the efficacy and usefulness of
virtual bronchoscopy.
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D. Electromagnetic Navigation and Guidance for Bronchoscopy
ENB is a new type of real-time guidance for accessing small peripheral lesions and
lymph nodes. ENB was built on the concept of virtual bronchoscopy, but also incor-
porates novel features such as steerable forceps and a locatable probe. An extended
working channel (EWC), which is just a sheath that extends beyond the bronchoscope
and allows accessory tools to pass through, is used as a mechanism to maintain the
biopsy site while the locatable steerable probe is withdrawn and switched to biopsy
tools. ENB allows for improved maneuverability and accuracy beyond the optical
limitations of the bronchoscope. The necessary equipment includes an electromagnetic
board placed under the patient, which detects and localizes the position of the locatable
probe in three dimensions. On the basis of the reconstructed virtual 3D images from a
preprocedure CT, simultaneous radiologic and endobronchial mapping is performed
using five to seven prominent anatomic landmarks. Typically, these are the main carina
and the secondary carinas in the right upper lobe, right middle lobe, right lower lobe, left
upper lobe, and left lower lobe. Once these landmarks are registered, real-time guidance
of the locatable probe to the target lesion can be performed. The steerable probe allows a
180° turn with an angulation radius of 2.5 cm without kinking of the EWC (33).

The first set of studies that evaluated this type of technology in bronchoscopy was
in 1998 using the Biosense™ intrabody navigation system (34,35). A 1.5-mm electro-
magnetic sensor tip was attached to the tip of the bronchoscope with its wire running
outside the bronchoscope that had to be covered with a sheath. In addition, 10 metallic
skin markers were placed on the chest wall prior to CT scanning that made the procedure
cumbersome. Of note, this system did not contain a steerable forceps.

The next generation of ENB systems was introduced shortly thereafter (super-
Dimension™), which simplified and improved the technology with the introduction of
an extended working channel and steerable electromagnetic probe. A pilot study using
this system showed a 69% diagnostic yield in 29 patients with an average navigation
accuracy of 6.12 mm (target registration error value) (36). Subsequent studies showed a
comparable diagnostic yield of 62.5% to 74% (37-39) (Table 2).

Fluoroscopy was used in all of the above studies during biopsy to verify the
biopsy site and the distance from the pleura because of the concern that the EWC might
dislodge when biopsy tools are introduced. However, a study comparing ENB with ENB
plus peripheral EBUS demonstrated only modest complication rates (up to 8% for
pneumothorax), so it is feasible to use ENB without fluoroscopy (40). Total procedure
time was reduced when ENB was performed without fluoroscopy (39,40). However, no
study has definitively addressed whether or not the addition of fluoroscopy to the ENB
procedure impacts either safety or diagnostic yield significantly.

E. Endobronchial Ultrasound
Endoscopic ultrasound was initially used in the field of gastroenterology. The first
bronchoscopic application was described in 1992, and has been commercially available
since 1999 (41). Current clinical applications of EBUS technology include mediastinal
lymph node biopsy and staging, assessment of local tumor tissue invasion, and
more recently, evaluation of peripheral lung lesions (42), which will be the focus of this
section.

In peripheral lung lesions, a flexible high-frequency 20-MHz ultrasound probe
with external diameter ranging from 1.4 mm to 2.5 mm is inserted through the working
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channel of the bronchoscope. Saline can be injected into the sheath surrounding the
probe to provide a better probe-tissue interface although this is rarely necessary for
peripheral lesions because of the narrow airways involved. In addition, a small amount
of saline (10 cc) can be instilled into the bronchus of interest prior to probe insertion,
which also promotes an improved interface and facilitates better imaging (42). The
ultrasound probe rapidly rotates inside the sheath allowing a 360° field of view around
the probe. This system has been used to evaluate peripheral lung lesions through the
flexible bronchoscope with promising results in several case series (Table 3) (41-49).

A feasibility test in humans was published in 2002 in which EBUS-guided TBBX
was compared to fluoroscopy-guided TBBX (45). The investigators failed to demon-
strate a statistically significant difference in the diagnostic yield between EBUS and
fluoroscopy-guided TBBX (80% vs. 76%, respectively) in 50 patients. This is perhaps
attributable to the fact that all lesions were visible under fluoroscopy. EBUS technique
was further refined in 2004 when Kurimoto introduced a novel technique of using EBUS
with a guide sheath (EBUS-GS). The guide sheath is a hollow flexible sheath equivalent
to the extended working channel (EWC) described above for ENB. The EBUS probe is
passed through the guide sheath. After the EBUS probe identifies the lesion, the guide
sheath is left in place while the EBUS probe is removed. Biopsy tools are then inserted
through the guide sheath so that the target can be reliably reached (44,45). In Kurimoto’s
study, performing both brushing and TBBX, an overall diagnostic yield of 77% was
achieved (69% for benign lesions and 81% for malignant lesions) (Table 3).

Diagnostic yield of EBUS-GS was not affected by the size of the lesion or flu-
oroscopic visualization in these studies (44,45,47). However, conflicting findings were
demonstrated in another study by Yoshikawa in which there was a significantly lower
diagnostic yield for lesions <20 mm compared to those > 20 mm (29.7% vs. 76%,
respectively) (48). Also, addition of fluoroscopy increased the yield from 29.7% to
75.7% for those lesions <20 mm. One explanation for these contradictory findings
is that Yoshikawa had a low rate of EBUS image localization at 43.2% for lesions
< 20 mm, compared to the previously reported rate of 66.7% for similar-sized lesions,
which may have resulted in a lower diagnostic yield (47). Therefore, it is the ability to
steer to a lesion and achieve localization rather than the size of the lesion that affects
diagnostic yield. This was supported by data from a study by Yamada in which dif-
ferences in size (<15 mm vs. >15 mm) was significantly associated with diagnostic
yield of EBUS-GS based on univariate analysis (HR 4.82, 95% CI 2.25-10.33; p <
0.001). However, after adjustment for the position of the probe in relation to the lung
nodule on the EBUS image, lesion size was no longer significantly associated with
diagnostic yield (HR 2.42, C1 0.93-6.32; p = 0.071) (48). This illustrates that if adequate
visualization can be achieved with peripheral EBUS, then diagnostic yields are good.
Diagnostic yield varies on the basis of the proximity of the probe to the lesion. When the
probe is within versus adjacent versus outside, the yield is 83%, 61%, and 4%,
respectively (44,48). A potentially significant weakness of the EBUS technique is the
lack of navigation and steerability of the probe. It may be difficult to find the correct
bronchus that will lead to the lesion of interest. Once the correct bronchus is selected,
EBUS can help to verify which location is best for biopsy, but the correct bronchus may
not always be found. The number of biopsies performed also seemed to have a direct
correlation with the yield as well, up to a point. After five biopsies, the incremental
benefit of additional biopsies was small (48).
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Other factors that affect diagnostic yield include location of the lesion [left upper
lobe apical posterior segment being associated with lower yield (p = 0.003) (45) while
lingular and right middle lobe are associated with higher yield (p < 0.03) (46)], iden-
tification of a bronchus leading to a lesion on preprocedure CT (p < 0.01), solid lesions
compared to mixed or pure ground glass nodules (p = 0.05) (46), and whether the lesion
is touching the visceral pleura (74% vs. 35%, respectively) (49). Alternative methods of
diagnosis should be considered for lesions anticipated to have low diagnostic yield with
EBUS-GS. The guide sheath also seems to be helpful in reducing bleeding in the airways
postbiopsy since it tamponades bleeding at the site of biopsy (47).

Another potentially important role of EBUS is characterizing the internal structure
of the lesion to help determine the likelihood of malignancy. Kurimoto classified the
internal structure of peripheral lung lesions seen with EBUS and compared them with
the histologic diagnosis in 124 patients (69 patients with a surgical specimen). Classi-
fication was based on three different patterns visualized on EBUS plus vessel charac-
teristics (53) (Table 4). Histologic comparison to the above EBUS image characteristics
demonstrated that 92% of type I lesion were benign while 99% of type II and III lesions
were malignant (87.5% of type Il lesions being adenocarcinoma). The average time to
obtain EBUS imaging was 8.38 minutes. Other image classification systems were
attempted subsequently to simplify the pattern and reduce imaging time (54,55). For
example, one scheme simplified and reclassified Kurimoto’s original classification into
three distinct patterns with elimination of vessel characteristics: “A,” continuous margin;
“B,” absence of linear discrete air bronchograms; and “C,” heterogeneity. The sensitivity
and the specificity for each image pattern for malignant lesions were as follows: A,
27.64% and 93.07%; B, 91.87% and 62.38%; C, 65.04% and 90.1% (55). When all three
patterns were visualized, the positive predictive value for malignancy was 100%, while
the absence of all three patterns showed a negative predictive value of 93.7%. Preva-
lence of malignancy was 55%. Other studies have tried to simplify the scheme further
and have been able to reduce mean examination time to as low as 3.49 minutes (54). At
this point in time however, the optimal system for characterization of lung nodules with
EBUS is not known.

Table 4 EBUS Classification for Peripheral Lung Lesion)

Types Description
Type 1 Homogeneous pattern
A Patent vessels and patent bronchioles
B Without vessels and bronchioles
Type 11 Hyperechoic dots and linear arcs pattern
A Without vessels
B Patent vessels
Type 111 Heterogenous pattern
A With hyperechoic dots and short lines
B Without hyperechoic dots and short lines

Source: From Ref. 53.
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F. Multimodality Strategy

Combining different modalities may improve diagnostic yield further. For example, lack
of a navigation system with EBUS can be a limiting factor since the location of the
EBUS probe in relation to the lesion affects the diagnostic yield as discussed previously
(44). ENB, on the other hand, can direct the biopsy forceps to the right bronchus with
precision using the navigation system and the steerable probe, but cannot visually verify
the lesion just prior to biopsy. This can be an issue since there is always some degree of
discrepancy with target registration between the virtual CT images and real endoscopic
images. Therefore, by combining EBUS and ENB, the two major obstacles of traditional
diagnostic techniques can be overcome. One study that tested this hypothesis was a
randomized trial that compared (i) ENB, (ii) EBUS, and (iii) the combination of ENB
and EBUS in 118 patients (56). Patients with nondiagnostic bronchoscopy underwent
subsequent surgical biopsy. The diagnostic yield for combined ENB/EBUS was sig-
nificantly higher than ENB or EBUS alone, 88%, 69%, and 59%, respectively (78%
prevalence for malignancy). However, for benign disease, there was no significant
difference in diagnostic yield. Diagnostic yield did not vary with lesion size in this
study.

IV. Conclusion

Diagnostic techniques in peripheral lung lesion have expanded dramatically in recent
years with advancements in imaging technology. With multiple modalities available, it
is important to select the appropriate technique on the basis of the clinical context. Each
individual case should be carefully considered to determine the best technique to be used
for a given clinical setting with cost-effectiveness in mind. For instance, a peripheral
lesion larger than 3 cm located in the right middle lobe lateral segment would not benefit
significantly from advanced techniques over plain X-ray fluoroscopy since the diag-
nostic yield is fairly high to begin with. The potential marginal benefit of using
advanced techniques may not outweigh the cost and the time involved. In contrast, a 15-
mm lesion in the right lower lobe posterior segment may require a more advanced
technique, such as a combination of ENB and EBUS, as the initial procedure. Since the
marginal benefit of advanced techniques is higher for smaller lesions, the higher cost
may be justified. As imaging and guidance technologies continue to improve, we will
need to continue to revise our diagnostic algorithms for peripheral lesions.
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l. Introduction

The utility of the bronchoscope for diagnosing peripheral lung nodules has increased
with the development of technologies to assist in accurately locating lesions beyond the
operator’s view. These include the use of navigational systems and ultrasound guidance
for accessing peripheral lesions. Whereas surgery remains the first line of treatment for
malignant lesions, other techniques are emerging for treatment when surgery is not an
option. This chapter summarizes those techniques, some of which are currently present
and many of which continue to develop as technology advances.

Il. Background
The solitary pulmonary nodule can be defined as a single spherical lesion completely
surrounded by pulmonary parenchyma, without associated adenopathy or atelectasis,
<3 cm from the pleura and <3 cm in size (1). The traditional means of using trans-
thoracic needle aspiration (TTNA) may reach a diagnostic yield of 82% to 96% but can
have pneumothorax rates up to 44% (2). There are various bronchoscopic means that
improve the diagnostic yield of these nodules compared with conventional fluoroscopic
guidance, including electromagnetic navigation, endobronchial ultrasound, virtual
bronchoscopy, and ultrathin bronchoscopy.

Electromagnetic navigation uses an electromagnetic tracking system to detect a
position sensor that is guided through the bronchoscope and superimposed on previously
gathered CT data (2). The reported yield of electromagnetic navigation ranges from 67%
to 82%, with the highest accuracy reported for larger lesions (3). In addition to diag-
nostic strategies, electromagnetic navigation has been used for implanting radio-
frequency monitoring devices (fiducials; RMDs) to assist with either surgical resection
or radiation therapy for unresectable diseases. In one method, the electromagnetic probe
is used to find the lesion and the extended working channel (EWC) is then left in place.
A 19-gauge Wang needle with an inner 21-gauge needle is advanced past the EWC
under fluoroscopic guidance. Once confirmed to be in the tumor, the inner 21-gauge
needle is removed. The RMD is then backloaded into the sheath and advanced using a
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0.66-mm guidewire. It is then placed inside or around the tumor. An alternative method
employs a 5-Fr angulated Glidecath catheter into which the RMD is backloaded and
deployed with a 0.66-mm guidewire (4).

Endobronchial ultrasound (EBUS) can provide cross-sectional images of the
tracheobronchial wall and adjacent structures and thus can be used for mediastinal and
peripheral lesions. Peripheral (radial probe) EBUS uses a very thin ultrasonic probe that is
inserted through the working channel of the bronchoscope. It is passed into distal sub-
segments to localize parenchymal lesions. The use of endobronchial ultrasound with a
guide sheath that goes through the bronchoscope, coupled with virtual bronchoscopic
navigation, has been described. In this technique, an EBUS probe is inserted into the guide
sheath, and the guide sheath and probe are driven to the peripheral nodule using virtual
bronchoscopy. Once identified by ultrasound, the probe is removed and biopsy forceps are
passed through the sheath to biopsy the lesion. The diagnostic yield was 44.4% for lesions
<20 mm in size and 91.7% for lesions 20 to 30 mm in diameter using EBUS and virtual
bronchoscopic navigation (5). Kurimoto et al. (6) described a diagnosis using EBUS for
76% of peripheral lesions of size <10 mm, even without the use of fluoroscopy. When
combined with electromagnetic navigation, the diagnostic yield of EBUS was 88% (7).
Figure 1 demonstrates images obtained by EBUS and electromagnetic navigation.

The ability to navigate the bronchoscope into peripheral subsegments is limited by
the size of the bronchoscope. Several authors have described the use of an ultrathin
bronchoscope for guidance further into the tracheobronchial tree. For example, the
ability of an ultrathin bronchoscope with an external diameter of 3.2 mm and biopsy
channel of 1.2 mm was compared with that of a 6.3-mm Olympus bronchoscope with a
biopsy channel diameter of 3.2 mm under fluoroscopic guidance. Using a constant
infusion of sterile saline during the procedure with the ultrathin bronchoscope, the

Figure 1 Two of several techniques may improve the peripheral localization of lung nodules for
diagnostic and therapeutic purposes, including EMN (A) and peripheral EBUS (B). In EMN,
computer-assisted technology facilitates guidance of a probe to the peripheral lesion (14). Used in
conjunction with EMN or independently, peripheral EBUS allows direct confirmation that the
probe is near or within the lesion. Abbreviations: EMN, electromagnetic navigation; EBUS,
endobronchial ultrasound.
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diagnostic yield was 70% for lesions <3.0 cm (8). Virtual bronchoscopy may further
improve the yield of the ultrathin flexible bronchoscope. Virtual bronchoscopy can
obtain a three-dimensional image of the tracheobronchial tree by using 1.0 mm sections.
A virtual bronchoscopic navigational system has been described that allows for the
following: animated images of bronchi that can be advanced as the bronchoscope is
advanced; images that can be rotated as the bronchoscope is rotated; and a thumbnail of
the images displayed as a catalog (9). Factors that improve the yield of ultrathin bron-
choscopy using virtual bronchoscopic guidance include the ability to insert the ultrathin
bronchoscope into the fifth or greater bronchial generation, the presence of a bronchus
and pulmonary artery leading to the lesion, and the location of the lesion (10).

Although these reports describe the diagnosis of peripheral lesions, these tools can
also be used to treat malignant lesions when primary modalities, such as surgery, are not
feasible because of a patient’s comorbid conditions, preference, or other reasons. The
remainder of this chapter aims to describe techniques that can be used for the bron-
choscopic treatment of peripheral lesions.

lll. The Bronchoscopic Placement of Markers to Assist
Resection

Several techniques are available to assist the surgeon by marking small peripheral
nodules that would otherwise be difficult for the surgeon to visualize intraoperatively.
These include the injection of various agents into and around nodules, such as methylene
blue, radiopaque contrast, and radionuclides. Intraoperative ultrasound may be used for
guidance to small lesions, as can various transthoracic approaches with fluoroscopically
guided coils or CT-guided needles or hookwires (1). Davini et al. (11) described a
method of radioguided surgery. Using CT guidance, they injected a solution composed of
human serum albumin labeled with technetium-99 and combined with nonionic contrast.
The benefits described for this solution included a longer staining duration (12 hours)
compared to methylene blue (3 hours). Subsequently, CT analysis confirmed that the
appropriate marking and surgical resection was then completed. They compared this
method to one in which a hookwire was placed via CT-guidance into the lesion prior to
resection and found comparable results. Chen and colleagues described a surgical navi-
gational system that used computer technology similar to the electromagnetic broncho-
scopy navigational systems (12). With this, a 16-gauge needle with a positioning sensor
was advanced into or immediately adjacent to a lesion and methylene blue was then
injected for subsequent identification by the surgeons. All lesions were successfully
resected.

Whereas these radiologic techniques are valuable, bronchoscopic techniques may
also be employed to mark tumors for excision and enable the surgeon to prepare for the
operation ahead of time. One such method combines flexible bronchoscopy with fluo-
roscopic and CT guidance. Using fluoroscopic CT-guidance, the bronchoscope was used
to advance a Teflon sheath through the tumor and to the visceral pleura (13). Indigo
carmine (0.5 mL) was then injected with the CT used to confirm the location of the
injected site. Tumors were successfully marked for excision, and it was felt that this
technique caused less complication than localization via the transcutaneous approach.

Transbronchial needle injection has also been described for preoperative use in
patients with non-small cell lung cancer (NSCLC). Radiolabeled technetium-99 has
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been injected into the visualized tumor or into the most distal subsegment visualized by
bronchoscopy, successfully identifying 95% of tumors with less pneumothorax rates
than transthoracic approaches. The use of this method can be accomplished at the same
time as evaluation of lymph nodes for potentially upstaging cancer diagnoses (13). Needle
injection under guidance of electromagnetic navigation has been described in which a 25-
gauge sclerotherapy needle is placed into the EWC after the locatable guide has been
removed. Indigo carmine dye (1-2 mm) is injected adjacent to the pleural surface, and an
additional 0.5 mL is injected in 5-mm increments by withdrawing the catheter and needle
to 5S-mm proximal to the lesion (14). Surgery is expected to occur in 24 to 72 hours
following this injection. Other markers placed by this technique include gold fiducials and
platinum coils.

More recently, Anatham et al. (15) described a technique for electromagnetic
navigation bronchoscopy-guided fiducial placement for robotic stereotactic radio-
surgery. Fiducial markers were able to be deployed in 89% of patients and directly into
tumors in 88% of those patients. Cyberknife planning was accomplished 7 to 10 days
after placement of the markers. After this time frame, 90% of the markers were still in
place, which allowed radiosurgery to proceed.

Although these modalities may help to localize lesions for surgical resection, they
do not address those lesions that are not felt to be amenable to surgery. In such cases,
bronchoscopic modalities may provide important therapy for peripheral malignancies.

IV. Endoluminal Techniques Employed in the Periphery
Various techniques have been used to treat central endobronchial tumors. These include,
but are not limited to, direct chemotherapy injection, cryotherapy, laser, electrocautery,
and transbronchial needle injection. Most of these techniques are now being considered
for treatment of more peripheral-based tumors.

A. Direct Injection of Chemotherapy
The direct intratumoral injection of chemotherapeutic agents differs from intravenous
chemotherapy in terms of route of delivery and mode of action. Delivered by a needle
(21-gauge) catheter system, this may enable not only the precise delivery of localized
chemotherapy but also higher intratumoral drug levels without toxic systemic effects
(16). Endobronchial cisplatin injection has been used for tissue debulking in addition
to therapy for hemoptysis and postobstructive pneumonia (17). In this technique,
cisplatin (50 mg/100 mL; 4 mg/cm2) was injected weekly up to four sessions and then
monthly. A clinically satisfactory result was reported in 80% of patients. Celikiglu and
colleagues (18) used up to 40 mg of cisplatin for direct injection into tumors, noting
clinical improvement in 19 of 23 patients. Several other studies have examined the use
of other agents for endobronchial chemotherapy, as shown in Table 1. These include
intratumoral ethanol, bleomycin, methotrexate, fluorouracil, and others. It is plausible
therefore, that more peripheral tumors may be injected by using transbronchial or
sclerotherapy needles after localizing the lesions with the bronchoscopic techniques
previously described.

Adenoviral-mediated delivery of the wild-type (or normal copy) p53 has also been
investigated in patients with NSCLC and p53 gene mutation. Of 12 patients receiving
monthly p53 injections, 6 had significant improvement (>25%) in airway obstruction
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Table 1 Chemotherapeutic Agents Other Than Cisplatin Injected Directly into Tumors

Number
Author Year of patients ~ Target lesion Agent delivered (volume)
Fujisawa et al. 1986 13 Central airway 99.5% ethanol
endobronchial tumor (0.5-0.3 mL)
Sawa et al. 1999 8 Endobronchial 99% ethanol (2 mL)
malignancy
Celikoglu et al. 1997 93 Tracheobronchial 50 mg/mL 5-fluorouracil;
malignancies 1 mg/mL mitomycin,
10 mg/mL bleomycin,
5 mg/mL methotrexate
or 2 mg/mL
mitoxantrone (1-3 mL)
Liu et al. 2000 40 Advanced bronchogenic ~ Carboplatin 300 mg
carcinoma
Celikoglu et al. 2003 65 >50% Obstruction 50 mg/mL 5-fluorouracil
0.5-1 g)
Tursz et al. 1996 6 Endobronchial lung Recombinant adenoviral
cancer, metastatic RSV beta-gal (LacZ)
(2.1 mL)
Swisher et al. 1999 5 Unresectable NSCLC Adenoviral wt p53 cDNA
(3 or 10 mL)
Schuler et al. 1998 15 1Ib or IV NSCLC Adenoviral wt p53 cDNA
(SCH 58500), 1 mL)
Nemunaitis et al. 2000 7 Endobronchial NSCLC Adenoviral wt p53 cDNA
(3 or 10 mL)
Weill et al. 2000 12 Endobronchial NSCLC Adenoviral wt p53 cDNA
(3 or 10 mL)
Schuler et al. 2001 5 Unresectable NSCLC Adenoviral wt p53 cDNA
(SCH 58500) (10 mL)
Griscelli et al. 2003 12 Unresectable NSCLC Adenoviral TG5327 (IL-2)

or RSV beta-gal (LacZ)

Although used for central lesions, it is hypothesized that new technology may enable these agents to be
injected into peripheral lesions.
Source: From Ref. 13.

and 3 fulfilled criteria for partial response (19). In another study, intratumoral p53
injection (three doses) was combined with six weeks of radiotherapy (up to 60 Gy). With
this combined regimen, 63% of patients had biopsy-proven nonviable tumor while only
16% had viable tumor. There was a partial or complete response in 63% of patients and
stable disease in another 16%, as measured by bronchoscopic and CT evaluation (20).
Again, it is plausible that this could be injected into peripheral lesions identified by
bronchoscopic modalities.

B. Transbronchial Brachytherapy
Brachytherapy allows for localized tumor irradiation. Models of providing brachy-
therapy include the direct implantation by a tumor, implantation using an injector,
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CT-guided placement, and delivery through a catheter that is inserted through the
bronchoscope (21). High dose rate (HDR) transbronchial brachytherapy was developed
for small peripheral lung lesions (22). A transbronchial aspiration cytology needle with
the tip removed was advanced to the visceral pleura, and its precise location was verified
by HRCT with 2-mm slice thickness. Barium (0.2 mL) was inserted into the peripheral
bronchus to enable follow-up fluoroscopically guided placement of an applicator car-
rying a dummy source. Frontal and lateral X rays provided coordinates for their soft-
ware, PLATO-BPS (Planning Treatment Optimization—Brachytherapy Planning System,
version 13.3). Seven days later, the applicator with dummy source was reinserted, and
fluoroscopy confirmed placement prior to insertion of the radioactive source (iridium-
192) using an HDR afterloading system. This was performed under conscious sedation
(midazolam). A radiation dose of 24 Gy at a 10 mm radius from the center of the
applicator was delivered in three fractions at seven-day intervals. There was no change
in the tumor size after 18 months, suggesting at least a stalling of the tumor growth. In a
different patient, 15 Gy of radiation was administered in one dose with a resultant
decrease in the tumor size by 75% (22). In another patient, endoluminal brachytherapy
was combined with external radiation therapy by using electromagnetic navigation,
endobronchial ultrasound, and CT. Electromagnetic navigation was used to localize a
microsensor mounted on the tip of a dedicated catheter. The catheter was placed within
the working channel of the bronchoscope, and the probe was guided to the peripheral
lesion. Endobronchial ultrasound confirmed that the catheter was placed within the
lesion. A 6-Fr brachytherapy catheter was then inserted and brachytherapy planned by
using three-dimensional reconstruction with the catheter in place. HDR brachytherapy
was performed using iridium-192 as a boost three times weekly (5 Gy for a single dose)
for five days. A 12-month follow-up CT and endobronchial ultrasound showed partial
remission while biopsies demonstrated complete remission (23). Intratumoral cisplatin
has also been used as an adjunct to endobronchial brachytherapy for patients with
stage IIIB and IV lung cancer (24).

C. Bronchoscopy-Guided Radiofrequency Ablation
Radiofrequency ablation (RFA) uses an electromagnetic wave with a frequency band
similar to that of a surgical scalpel and an interchange radiofrequency electric current.
Percutaneous image-guided thermal ablation of stage I to I NSCLC has been described.
In this, radiofrequency or microwave ablation procedures followed by standard-fraction
external-beam radiation therapy or brachytherapy were evaluated. Up to 37% of
patients developed pneumothoraces and 22% required chest tube placement (25). In
other studies, technical failure was encountered in 37.5% of patients receiving
CT-guided RFA while 20% had “major complications,” including hemothorax and
bronchopleural fistula (26). The most frequent complication of RFA performed by
percutaneous methods is pneumothorax, often in 10-20% of patients but reported in up
to 63% of patients (27,28). Although promising for treatment, the transthoracic
approach may be hindered by its significant risks (27). On the other hand, RFA may be
better than conventional external-beam radiation for the treatment of the high-risk
individual with NSCLC (29).

Noting success but also risks associated with the transthoracic approach, there has
been effort to develop RFA that can be used through the bronchoscope. Sheep were used
and a standard, noncooled RFA electrode was compared to an internally cooled RFA.
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The most appropriate settings for the cooled RFA were a power output of 30 W and a
flow rate of 30 to 40 mL/min. The temperature of the electrode needed to ablate the lung
tissue was 50°C (30). Human applications of bronchoscopic RFA for treatment of
peripheral lung lesions have not yet been reported in the medical literature.

D. Bronchoscopically Placed Markers for
Real-Time Radiation Therapy

Because of complications associated with radiation, including bronchial stenosis,
bronchiectasis, and significant mucosal injury, real-time radiation therapy has been
improved by the use of bronchoscopically placed gold markers. The three-dimensional
position of a 1.0- to 2.0-mm gold marker in or near the tumor was detected using
two sets of fluoroscopies every 0.03 seconds. The radiation treatment beam would
irradiate the tumor only when the marker coincided with its planned position using real-
time radiation. This was feasible only for peripheral tumors and 65% of the tumors were
successfully treated (31).

E. Cryotherapy

Cryotherapy is the therapeutic application of extreme cold for the local destruction of
living tissue. The probe, which is typically cooled to —40°C, is applied to a lesion
several times to induce several cycles of cooling and thawing (21). Wang and colleagues
described over 200 cases using percutaneous cryotherapy for NSCLC using 3- and 4-mm
cryoprobes. In their series, 86% of masses showed reduced or stable size (32). It is
conceivable that these small probes could be used through guide sheaths directly into
peripheral tumors that are found by ultrasound or electronavigational guidance.

F. Photodynamic Therapy

Photodynamic therapy (PDT) is a locoregional cancer treatment in which a systemically
administered photosensitizer is activated locally by illuminating a diseased tissue with
light of a suitable wavelength. Recently, the use of PDT has extended from superficial or
endoluminal tumors to parenchymal tumors, such as those in the liver. It is conceivable
that special catheters, fibers, and photosensitizers can be developed for interstitial PDT
(33). Recently, interstitial PDT of the lung was described in rats. Zones of necrosis
appeared following treatment, without damaging surrounding lung. This was accom-
plished via a percutaneous technique using a single fiber (34). It is possible that this
technique could be expanded to include multiple fibers grouped for treatment through the
bronchoscope.

V. Summary
The rapid advance of technology to aide in the diagnosis of peripheral lung lesions,
coupled with the ongoing development of various treatment modalities for lung cancer,
provides promise for the bronchoscopic treatment of peripheral lung tumors. Whereas
electromagnetic navigation, endobronchial ultrasound, virtual bronchoscopy, and ultra-
thin bronchoscopy can be used to diagnose lesions, they may also facilitate the placement
of markers or dye for resection or radiation. The ability to navigate beyond that which is
immediately bronchoscopically visible may also assist in the direct injections of che-
motherapeutic agents as well as adenoviral-mediated gene therapy, brachytherapy,
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cryotherapy, photodynamic therapy, or even radiofrequency ablation. As the field of
interventional pulmonary continues to grow, there is no doubt that the options for bron-
choscopic treatment of lung cancer will simultaneously and exponentially expand to
provide additional treatment options for our patients.
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Percutaneous Dilational Tracheostomy

CARLA LAMB
Lahey Clinic Medical Center, Burlington, Massachusetts, U.S.A.

l. Introduction
Tracheostomy as an open surgical procedure in the operating room setting has spanned
over a hundred years and has been the classic standard approach to the airway. Percu-
taneous dilational tracheostomy (PDT) performed at the patient bedside has gained wide
acceptance over the past 15 years (1-5). The actual technique continues to be modified,
but has been based on the Seldinger technique with percutaneous serial dilations over a
guidewire. Ciaglia described the initial percutaneous technique in 1985. This was further
modified with the Ciaglia Blue Rhino technique using a single dilation technique. Other
methods of performing PDT have been described (1-5). Most recently, a balloon dilation
technique has been introduced to establish the tracheostomy tract. The advantages of
PDT include the ability to avoid transport of a critically ill patient to an operating room
setting, reduction in the time between decision to perform tracheostomy and actual
procedure, avoiding the need for general anesthesia, as well as cost savings by avoiding
the need for operative room and its personnel. There has also been more interest in
performing bedside open surgical tracheostomy (OST) to provide similar benefits. PDT
is a natural extension of OST but is a less invasive technique that can be performed
by otolaryngologists, general surgeons, interventional pulmonologists, and intensivists.
PDT has proven to be safe and effective, with complication rates comparable to OST. In
many centers patient evaluation and PDT occur the same day (6-16). While the debate
over patient selection, timing to tracheostomy, as well as technique continues, the need
for proper procedural training along with development of a complimentary team is
universally agreed upon by all specialties performing this procedure (17-20). Trache-
ostomy has become a relatively common procedure, provided in both the surgical and
medical critical care settings for those patients requiring prolonged mechanical venti-
lator support because of a wide range of diseases such as extensive burns, trauma,
significant cardiopulmonary disease, and neuromuscular or neurologic disease. As the
general population ages, the severity of critical illness increases along with the likeli-
hood of prolonged respiratory failure. The transition from translaryngeal intubation to
tracheostomy is expected to optimize pulmonary toilet and patient comfort, to reduce the
need for sedation, and to potentially improve the process of weaning from mechanical
ventilator. The ability to identify specific patient parameters upon initial presentation
with acute respiratory failure, which indicate those most likely to require mechanical
ventilator support for greater than seven days, may allow for more timely transition to
tracheostomy. Presently, there is increasing clinical data on the benefits of early
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tracheostomy in specific medical patient populations as well as in the trauma and
surgical arena (17-28). Animal and clinical models have been developed to assess the
impact of early versus late tracheostomy on the airway. Mucosal damage to the proximal
airways and vocal cords can occur within three to seven days of endotracheal tube
placement. Despite these data there is no universal agreement on timing to trache-
ostomy. There is a growing trend to advise early tracheostomy when mechanical ven-
tilator support is anticipated for greater than 10 days. This chapter will focus on PDT
with a review of the airway anatomy and procedural technique, patient selection,
indications with special population considerations, contraindications, distinguishing

early versus late complications, and timing of tracheostomy.

Il. Overview of Anatomy
Knowledge of basic airway anatomy, along with surrounding structures of the neck, is

required when approaching the patient for PDT (Figs. 1 and 2). The tracheal length is 10
to 13 cm, including 18 to 22 cartilaginous rings with an anterior-posterior diameter of
1.8 cm and lateral diameter of 2 cm. The trachea begins approximately 1.5 cm below the
vocal cords. It is important to consider possible variation in this anatomy and a number
of factors that may alter the usual landmarks. For example, the presence of tracheal
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Figure 1 Important anatomic structures and landmarks (Vinald Francis medical artist).
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Figure 2 Patient anatomy (superior to inferior: thyroid cartilage notch, thyroid cartilage, crico-
thyroid membrane, cricoid cartilage, tracheal rings, and sternal notch).

deviation, a goiter, kyphoscoliosis or obesity (BMI > 30) may impact the decision in
terms of procedural approach. Ultrasound is an additional tool that may extend evalu-
ation beyond visual inspection and palpation of standard landmarks. Ultrasound may
help to avoid vascular structures such as the inferior thyroid vein, an aberrant anterior
jugular vein, a high brachiocephalic vein, or even a high-riding innominate artery that
might not otherwise be recognized. External visual anatomic cues and bronchoscopic
tracheal anatomy must be understood and reliably recognized by the person performing
the tracheostomy as well the assisting bronchoscopist. The endoscopic anatomy and
entry position for the tracheostomy are the key in establishing the most optimal location
for placement. This is between tracheal intercartilagenous spaces one and two or two and
three. Correct placement reduces the likelihood of malposition and the incidence of
tracheal stenosis (Fig. 3). Proper patient positioning is a key step in identifying these
anatomic landmarks. The neck is kept somewhat hyperextended with an infrascapular
towel roll and the head is maintained in a midline position. Custom tracheostomy tubes
should be available for patients who are obese or morbidly obese (BMI > 30) with a
deep trachea or a significantly large neck diameter. The tubes should be able to
accommodate either the length from neck to trachea entry and/or the length of the distal
component of the tracheostomy as a poor-fitting tube can have a significant impact on
the ability to maintain adequate ventilation on the ventilator. Using the serial dilator kit,
these custom tracheostomy tubes can be loaded onto the dilator and be passed during the
initial PDT procedure. Additionally, patients with severe kyphoscoliosis or pectus
excavatum may have anatomic distortion such that standard tracheostomy tubes may rest
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_J / Placement

Between 1st and 2nd
or 2nd & 3rd tracheal rings

Figure 3 Dilator placement demonstrating recommended entry position between tracheal carti-
lages. Source: courtesy of Cook Medical.

aberrantly in the airway and thus require special consideration in terms of tracheostomy
tube placement and positioning.

lll. Patient Selection and Timing of Tracheostomy
Patient selection criteria for tracheostomy by PDT or OST are basically the same;
however, there are some instances where surgical tracheostomy is superior to PDT.
Patients with a large tumor or goiter obscuring palpable landmarks would be better
served with a surgical approach. A patient whose thyroid cartilage and sternal notch
are in such proximity that the tracheal cartilages cannot be palpated, as seen with severe
kyphoscoliosis, should also be considered for OST. General indications for trache-
ostomy include (Table 1) an anticipated need for prolonged mechanical ventilation,
improved management of respiratory secretions, relieving of upper airway obstruction,
facilitating weaning from mechanical ventilation, reducing potential endotracheal tube
associated laryngeal injury, improving patient comfort, reducing sedation requirements,
improving mobility, allowing oral feeding, and enhancing communication and vocal-
ization. Tracheostomy also minimizes extubation risk, and may be required before
transfer to a long-term acute care facility. Contraindications to PDT can be divided
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Table 1 Indications for PDT Indications (and Potential Benefits)

Prolonged mechanical ventilation: anticipated >7 days

Improved management of respiratory secretions

Relief of airway obstruction

Enhance patient comfort while weaning from mechanical ventilation (reduction of sedation
requirements, increased mobility, enhanced communication)

Reduction of extubation risk in a known difficult airway

Failed extubation

Obviates need for transfer of a critically ill patient to the operating room for surgical tracheostomy
(PDT and bedside surgical tracheostomies are comparable)

Table 2 Contraindications for PDT

Relative contraindications
Unstable cervical spine
Prior neck surgery or radiation to site
Extensive burns to the neck
Morbid obesity (BMI > 40)
FiO,% > 60%
PEEP > 15
Surgical wounds near planned site
Large thyroid goiter or local malignancy at planned site
Anatomic variations include severe tracheal deviation and superficial vasculature at planned
site (ultrasound can assist to avoid these)
Severe tracheomalacia
Absolute contraindications
Infants
Clinical instability
Uncorrectable coagulopathy
Significant infection at the anticipated site
Emergency airway access
Patient unlikely to survive >48 hr
Unable to define/palpate tracheal anatomy after proper patient positioning
Absence of informed consent
Lack of appropriate operator training

Note that some of the traditional relative and absolute contraindications are now being reevaluated (see
section on single-center and multicenter experience).

into absolute and relative (Table 2), but as will be discussed later, some of these are
being challenged. The procedurist should evaluate each patient case by case. Operator
experience and expertise may also influence procedure selection (Tables 1 and 2).
Proper procedural training is necessary. Published guidelines from the American Col-
lege of Chest Physicians (ACCP) and The American Thoracic Society/European
Respiratory Society have recommended a minimum of 20 supervised procedures to be
performed (29-30).

A designated procedural team and preprocedure planning are important. It is
helpful to have a standard checklist when evaluating the patient for PDT (Table 3). The
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Table 3 Procedure Team and Preprocedure Checklist

Team members

Procedurist (with or without assistant): Guides steps of procedure and assures safety of patient
and communication of all team members

Bronchoscopist: Inspects airway, collects any bronchoscopic samples, familiar with endoscopic
landmarks to confirm puncture site and maintains control of the airway

Bronchoscopy technician: Provides all necessary bronchoscopic equipment for procedure and
specimen handling

Bronchoscopy nurse: assists bronchoscopist in management of endotracheal tube repositioning
throughout the procedure

Respiratory therapist: confirms patient ventilator settings and provides 100% FiO, while reports
oxygen saturation during the procedure

ICU nurse: provides continuous assessment of the patient and provides sedation, analgesia and
paralytic agents as requested

Preprocedure checklist

Consent signed

All coagulopathies with lab and medication list review have been addressed

Identifies the anticipated difficult airway and has necessary reintubation equipment available

Proper patient positioning and verifies key anatomic landmarks

Verifies ventilator setting and oxygenation

Initiates universal protocol and timeout

Coordinates and communicates stepwise throughout the procedure

decision to perform PDT requires awareness of the so-called big picture of the clinical
status of the patient and an anticipation of the potential need for the intervention. PDT
can be considered as early as on day one of mechanical ventilation when anticipation for
prolonged mechanical ventilation is expected. Early tracheostomy can generally be
defined as between two and seven days of mechanical ventilation. Another rule of thumb
is to consider tracheostomy when there is anticipation that the patient will likely require
greater than 14 days of ventilator support.

IV. Technique of PDT
The technique of PDT can be described as a Seldinger method with dilations occurring
over a guidewire and stylet. This section will review the most widely accepted technique
and briefly review some of the variations (31-34). A stepwise approach using a pre-
procedure checklist with a procedural team is ideal (Table 3). The Patient is positioned
with a towel roll between the scapula, resulting in extension of the neck and improved
definition of neck anatomy. Maintaining the neck and head in a midline position
throughout the procedure prevents inadvertent anatomic distortion that might impact on
tube placement. Universal Protocol compliance assures that all necessary staff and
personnel are present and agree. It is most important to anticipate the presence of a
difficult airway in the event of accidental extubation and to confirm that intubation
equipment is readily available. As the majority of these patients are receiving
mechanical ventilation, the technique assumes the presence of an endotracheal tube.
However, a laryngeal mask airway can be safely used in selected patients. This approach
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might be appropriate for an outpatient with progressive neuromuscular disease requiring
long-term airway management with tracheostomy. The patient should be evaluated for
coagulation abnormalities and the presence of uremia. PDT can be performed if
the prothrombin time/international normalized ratio (INR) is <1.5 times control and the
platelet count is >50,000. If uremia is present, intravenous 1-desamino-8-p-arginine
vasopressin at 0.3 pg/kg can be administered one hour prior to the procedure and again
after the procedure to reduce the associated bleeding risk. Appropriate holding of
anticoagulant agents and antiplatelet agents is also recommended.

Prior to sterile prep and drape, the vital landmarks are marked to maintain
orientation throughout the procedure (Fig. 2). Topical anesthetic with 1% lidocaine
with epinephrine within the subcutaneous tissue and pretracheal fascia is administered.
The liberal use of intravenous narcotics and benzodiazepines or propofol followed by
a paralytic agent prevents unnecessary movement, such as coughing because of tra-
cheal stimulation. The patient is preoxygenated on 100% oxygen and the ventilator is
placed on a set rate, pressure, or volume. Although PDT can be performed without the
use of bronchoscopy, it is felt that bronchoscopy enhances optimal placement of the
needle and guidewire. Direct visualization allows for immediate confirmation of
tracheal entry in between 10 o’clock and 2 o’clock positions. In addition, broncho-
scopy confirms entry between the first and second or second and third tracheal car-
tilage rings. It is important that the bronchoscopist is familiar with the endoscopic
appearance of the first tracheal ring in order to position the bronchoscope well within
the endotracheal tube to avoid inadvertent puncture of the bronchoscope by the
introducer needle. Bronchoscopic visualization is not required during the entire pro-
cedure. Limiting bronchoscopy time avoids progressive hypercapnea or hypoxemia
because of obstruction of the endotracheal tube/ventilator circuit by the scope.
Bronchoscopy is best utilized during initial entry, for confirming that the direction of
the guidewire is distal in the trachea, and that there is no inadvertent false tract entry
during the actual tracheostomy placement. Lastly, it allows suctioning of any peri-
procedural bleeding or clots, and confirms final positioning of the tracheostomy in the
airway. As the operators gain additional experience, the reduced time of the procedure
also significantly reduces bronchoscopy time in the airway and reduces the risk of
significant hypercapnea.

PDT establishes a stoma to the trachea by means of the modified Seldinger
technique. This most widely used approach uses a single-dilator method, which is
described below. After sterile prep and drape, topical anesthetic, intravenous sedation
and analgesia, and a muscle relaxant, a 1 to 1.5-cm skin incision is made guided by the
previously identified landmarks (Fig. 4). This incision may be made vertically or hor-
izontally, and is situated over the area between the first and fourth tracheal cartilaginous
rings. Often a blunt dissecting clamp can be used to gently spread the pretracheal planes
of subcutaneous tissue to allow for deep palpation of the tracheal rings. This clamp can
also be used to apply pressure on the anterior tracheal wall to confirm the anticipated
point of entry with the bronchoscopist. The introducer needle is passed through the
incision and between the tracheal rings. Airway entry is confirmed with the appearance
of easily aspirated air bubbles into the saline-filled syringe attached to the introducer
needle. The bronchoscopist confirms to the point of entry. Without bronchoscopic
visualization, an entry into the lateral wall of the trachea might also demonstrate the air
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Figure 4 Anatomic entry point for tracheostomy. Source: courtesy of Cook Medical.

bubbles in the syringe. In this case the guidewire might feed through the lateral wall,
thus creating a false tract. A guidewire is then passed into the trachea via the introducer
needle, which should pass freely without resistance. The introducer needle is then
removed. A punch dilator is passed over the guidewire, creating the initial tract
for subsequent dilations. A small catheter is then placed over the guidewire to prevent
kinking of the guidewire as the large dilator or serial dilators are inserted into the
trachea, creating the stoma (Fig. 5). The tracheostomy tube is preloaded onto a dilator/
loader and passed over the guidewire and catheter into the newly established tract
(Fig. 6). A balloon dilation technique as an alternative approach has been recently
introduced with the idea that it may create less tissue trauma while establishing an
acceptable tract; however, this new technique requires further evaluation and compar-
ison of patient characteristics with the standard technique (Fig. 7).

V. Complications of PDT (Early Versus Late)
The complications associated with PDT are generally the same as that of surgical
tracheostomy; however, those specific to PDT will be highlighted. Table 4 provides a
general overview. PDT is a less invasive procedure with infrequent to rare, significant or
life-threatening complications. Although complications rates of 5% to 30% have been
reported, these are often not separated between self-limited complications and those
requiring significant intervention (35-37). Complications most commonly reported are
bleeding, infection, malposition, and stenosis. Death has been reported in 0.3% to 1.6%
of cases (35-38). Case reports of lethal complications include aortic arch laceration,
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Figure 5 Dilating catheter and stylet with guidewire introduced into trachea with endoscopic view.

Figure 6 Tracheostomy tube over loading device with stylet and guidewire into trachea with
endoscopic view. Source: courtesy of Cook Medical.
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Figure 7 Balloon dilation modification for PDT. Source: courtesy of Cook Medical.

hemorrhage, and multifactorial hypoxemia (39-40). Other complications cited include
arrhythmias, bronchospasm, transient hypoxemia or hypotension, pneumothorax, tra-
cheal granulation tissue, subcutaneous emphysema, loss of guidewire, paratracheal
insertion via a false tract, premature decannulation or extubation, tracheomalacia, fis-
tulae of the esophagus, obstruction of the tracheostomy because of posterior tracheal
wall edema, and persistent stoma. Complications should also be categorized as early or
late. Often early is defined as within the first 48 hours of the procedure, whereas late and
long-term complications are seen within weeks of the procedure. Many of the compli-
cations in the literature are often self-limited and require little to no intervention and
therefore should be categorized as minor. Those requiring significant medical or surgical
intervention would be considered as major complications. It is important to have well-
established surgical backup in the event of some of these complications to insure patient
safety and timely intervention.
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Table 4 Complications of PDT

Early minor complications (occurring within 48 hr of procedure and requiring little to no intervention)
Bleeding
Hypoxemia
Hypercapnea
Hypotension or arrhythmia
Bronchospasm
Early major complications
Bleeding requiring transfusion or surgical repair
Posterior tracheal wall puncture or tear
Bronchoscope needle puncture during introduction of needle into trachea
False tract or paratracheal insertion
Pneumothorax
Fracture of tracheal cartilage resulting in tracheal tube balloon puncture at time of procedure
(requiring immediate replacement and repeat procedure because of immature tract)
Obstruction of the tracheostomy tube (because of blood clot/secretions obstructing the tube or
improper sizing of the tube or because of obstruction by the posterior tracheal wall)
Decannulation and loss of airway
Death
Delayed complications
Tracheostomy tube occlusion
Decannulation (unanticipated)
Tracheomalacia
Tracheoesophageal fistula
Tracheal granulation tissue at entry site (may lead to proximal airway obstruction)
Tracheal stenosis
Vocal cord dysfunction
Persistent stoma
Aspiration and swallowing dysfunction
Tracheoinnominate artery fistula

VI. Special Consideration in Specific Patient Populations
and Extended Indications for PDT
Some conditions that were initially considered contraindications to this procedure have
been reclassified because of less complications and improved patient outcomes than had
been expected. It should be noted that tracheostomy is generally an elective procedure
and safety guidelines should be enforced routinely. The decision to perform PDT should
be individualized, and operator experience and skill will directly impact this. Some of
the patient populations include obese patients, coagulopathic patients, neurosurgical
patients, patients with limited cervical spine mobility, cardiothoracic patients, and burn
patients. The literature suggests that in these specific populations PDT may still be
performed safely without significant differences in complication rates when compared
with the general population undergoing PDT (41-46). In patients where patient posi-
tioning was limited or landmark anatomy was difficult (obesity or c-spine limitations) to
palpate, use of ultrasound may offer a means to perform PDT safely. Also in these
patients if the thyroid cartilage can be palpated, then PDT can be safely performed.
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In the cardiothoracic group there was no increased risk of mediastinitis after PDT. In
burn patients, the incidence of pulmonary sepsis or local infection from PDT compared
with OST was lower. In refractory coagulopathic patients, as seen in liver disease, PDT
was performed safely despite an INR >1.5 and platelet counts <50,000 both on the day
of the procedure and 72 hours following PDT (45). The study protocol provided blood
products prior to the procedure to establish a normal INR and platelet counts greater than
50,000. Although this goal could not be uniformly achieved, when compared with those
with no coagulopathy or mild coagulopathy, there were no deaths reported as a direct
consequence of PDT. One of the refractory coagulopathic patients required a moderate
amount of blood product support in the periprocedure period because of PDT-related
bleeding; however, no surgical intervention was required. Extended indications may also
include the role of PDT in emergent airway access by the skilled operator.

Vil. Review of Large Single-Center and
Multicenter PDT Experiences
There are several published single-center or multicenter series of PDT experience that
include both retrospective chart reviews as well as prospective database collection. One
single-center report of 824 patients undergoing PDT noted that the average duration of
intubation before PDT was 10 days and the mean procedure time was 15 minutes (37).
The intraoperative complication rate was 6% and premature extubation was cited as the
most common complication. The procedure-related death rate was 0.6%. The most
common postprocedural complication was bleeding in 5%. The mean follow-up of
greater than one year reported a tracheal stenosis rate of 1.6%. It was noted that that
patients who did get tracheal stenosis had prolonged translaryngeal intubation prior to
actual tracheostomy. The authors concluded that early time to tracheostomy may reduce
the long-term potential complication of tracheal stenosis. The authors also concluded
that PDT is both a safe and effective alternative to OST in those intubated patients
requiring elective tracheostomy. Another group reported a multicenter prospective study
of 326 patients undergoing PDT (36) and highlighted both early results and long-term
outcome. The Ciaglia method was utilized. One hundred and six patients were ultimately
decannulated and evaluated by plain tracheal radiography. There were two procedure-
related deaths because of 0.6% and 9.5% perioperative and postoperative complications,
respectively. Only one of the 106 patients who were decannulated had clinically sig-
nificant tracheal stenosis at six months from initial PDT. Of patients who demonstrated
some element of tracheal stenosis, 43.4% defined at least 10% reduction in the tracheal
cross-sectional area. Most stenoses were felt not to be clinically significant. At our
institution a retrospective database was established to specifically review early com-
plications of PDT in the higher risk patient populations (47). We included those patients
requiring high PEEP or who had morbid obesity, prior tracheostomy, a short neck,
cervical spine traction, or coagulopathy As a result of this effort, a preprocedure
checklist was created and used in each patient being evaluated for PDT. A prospective
database is currently ongoing. Among our 550 patients, 40% had short neck, and
45 patients had undergone prior tracheostomy or had prior surgery at the site. There was
a high rate of obesity, with 51% having a BMI of >30. Complications in the first
48 hours occurred in 4.9%. The most common complications were transient hypoxemia
and bleeding; all were self-limited and minor. Of patients who had excessive bleeding,
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five had documented use of clopidigrel or were uremic during the hospital stay. No
complication resulted in a procedure-related death. No statistically significant difference
in complication rates was observed with any of the risk factors including obesity, use of
anticoagulants during the same hospital stay, FiO, > 50%, INR over 1.5 platelets less
than 50,000, cervical spine traction, or PEEP > 10. However, in patients who had the
combination of thrombocytopenia, uremia, and a history clopidigrel use, there was a
higher incidence of bleeding complications. We found no significant difference in
complication rates in patients with high-risk neck factors such as a short neck, prior neck
radiation, or prior tracheostomy as long as the tracheal anatomic landmarks could be
palpated. We concluded that some of the relative contraindications to PDT should be
reevaluated and further studies in these patient populations regarding early and late
complications should be performed to determine whether modification of current
guidelines should occur.

VIlIl. Conclusion

PDT is both a safe and efficient procedure now widely used in the intensive care unit
setting. Since its initial introduction, there have been modifications and simplification of
the technique of PDT. Proper patient selection, more standardized preprocedural plan-
ning, and an experienced PDT team enhance overall success of the procedure. This
procedure is comparable to the standard of OST but has a number of advantages as cited
in this chapter. Further evidence-based studies will be helpful in comparing the new
balloon dilation approach with the well-established Ciaglia Blue Rhino method. It will
also be helpful to better define the particular characteristics of those ICU patients who
will require more than seven days of mechanical ventilator support to offer them PDT in
a more timely manner. Additionally, follow-up studies are needed to define the rela-
tionship between length of intubation prior to PDT and the incidence of long-term
tracheal complications.
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l. Introduction
“See one, do one, teach one” is an ever-present adage in medicine in reference to
learning and teaching procedures. Essentially, this phrase implies that the physician-in-
training should be proficient to perform a procedure after just one observation and to
teach after just one performance. Obviously, this adage does not work in clinical
practice, especially for more complicated procedures such as bronchoscopy.

With advancements in technology over the last several decades, a broad range of
procedures have become available to the interventional pulmonologist. They are broadly
defined as diagnostic or therapeutic procedures with applications in the pulmonary
and critical care setting, as well as the otolaryngology, surgical, and anesthesia fields.
With the explosion of new technologies, the field has grown to include a multitude of
interventions, and with this growth has come the question of education, proficiency, and
the determination of competency in this field.

Il. Definition of Interventional Bronchoscopy
Interventional bronchoscopy encompasses procedures using bronchoscopic and pleu-
roscopic techniques to diagnose and treat a spectrum of thoracic disorders. The
European Respiratory Society with the American Thoracic Society (ERS/ATS) defines
interventional bronchoscopy as “the art and science of medicine as related to the per-
formance of diagnostic and invasive therapeutic procedures that require additional
training and expertise beyond that required in a standard pulmonary medicine training
programme” (1). Table 1 lists the interventional pulmonology procedures described by
the American College of Chest Physicians (ACCP) and the ERS/ATS (1,2).

Interventional procedures can be performed with rigid and/or flexible broncho-
scopy with each having their own distinct advantage (3). Rigid bronchoscopy is used in
the management of massive hemoptysis, tracheobronchial stenosis, foreign body
removal, tumor resection, deeper biopsy, obstructing lesions with coring and dilation
of strictures, debridement and clot removal, as well as for ventilation during broncho-
scopy. Most other biopsy procedures can be performed with a flexible fiberoptic
bronchoscope, but some may require specific devices such as ultrasound. TBNA is
considered a “blind” biopsy of mediastinal and hilar lymph nodes, but endobronchial
ultrasound with fine-needle aspiration (EBUS/FNA) allows for direct visualization of
those nodes and can evaluate the depth of tumor invasion (4-12). Autofluorescence
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Table 1 Interventional Procedures

Rigid bronchoscopy
Diagnostic procedures
TBNA
Autofluorescence
EBUS
Treatment procedures
Laser therapy
Electrocautery and argon plasma coagulation
Cryotherapy
Brachytherapy
Photodynamic
Stents
Pleuroscopic procedures
Transthoracic needle aspiration/biopsy
Tube thoracostomy
Pleuroscopy
Percutaneous pleural biopsy
Oxygen therapies
Percutaneous dilatational tracheotomy
Tracheal oxygen therapy

bronchoscopy is used to visualize and biopsy endoluminal abnormalities that may
indicate premalignant or malignant lesions (1,2).

Airway compression can be managed via flexible or rigid bronchoscopy.
Neodymium:yttrium-aluminum-garnet (Nd:YAG) for laser therapy has good penetration
and fair precision but has risk of endobronchial fire if the patient is on a high con-
centration of supplemental oxygen. Endobronchial cryotherapy does not work well on
paucicellular tissue and cannot offer rapid symptomatic relief (1-3,13). Brachytherapy is
effective for central airway lesions and is typically used with laser therapy or external
radiation. Photodynamic therapy works by injecting the target lesion with a photo-
sensitizing agent, but follow-up bronchoscopy is often necessary to debride the necrotic
tissue (1-3,13). Silicone or plastic tracheobronchial stents are placed with rigid bron-
choscopy, and expandable metallic stents can be placed with flexible bronchoscopy.

The diagnosis and management of pleural diseases and creation of artificial air-
ways also fall under the realm of interventional bronchoscopy. Pleuroscopy is less
invasive than video-assisted thoracoscopic surgery, is performed with local anesthesia
and conscious sedation, and is used for evaluation of undiagnosed effusion and for
pleural or lung biopsy (2,3). Pleural biopsy can also be performed percutaneously.
Recurrent malignant pleural effusions causing dyspnea can be managed with tube
thoracotomy using large- or small-bore, tunneled catheters (i.e., Pleurex catheters) (13).
Percutaneous dilatational tracheostomy placement creates a tracheal stoma through
sequential dilation, and tracheostomy tubes can be inserted with bronchoscopic guid-
ance. Transtracheal oxygen therapy procedure used for oxygen delivery is similar to
tracheostomy placement except that the stoma created is smaller (1,2,13).

Interventional bronchoscopy is wide ranging and consists of many procedures that
overlap in their purpose.
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lll. Current Status of Bronchoscopy Training
Bronchoscopy training has evolved over time. Stories from established pulmonologists
who learned bronchoscopy less than 15 years ago often refer to their first bronchoscopy
as a terrifying experience (14). Their initial introduction to a bronchoscope often
occurred only moments before inserting the scope into a patient and consisted of little
instruction with perhaps a few minutes of practice on a model. Current bronchoscopy
training across the fields of medicine, surgery, and anesthesia has evolved in an effort to
improve the safety and quality of the procedure and to give the novice bronchoscopist
experience in handling the bronchoscope. There are several methods of endoscopy
training that include cadaveric or animal models, nonanatomical training models, and
endoscopic simulators.

The use of animal and/or human cadaver models has been studied for the
teaching of bronchoscopy (15,16). Ram et al. developed a series of exercises using a
pig model (16). They concluded that these exercises would not only help trainees learn
and practice the basic psychomotor skills necessary to perform bronchoscopy, but also
could assist a trained specialist in the maintenance of their skills. In 2006, Hatton et al.
used embalmed donated cadavers to give anesthesiology residents experience with
percutaneous cricothyrotomy, retrograde intubation, and fiberoptic intubation, which
are invasive procedures used in the management of the difficult airway (15). Prior to
this study, most of the participants did not feel comfortable at all with the first two
procedures, but some had previous experience with bronchoscopy. After the study, the
residents felt more comfortable performing all three procedures correctly although
the difference was not significant for fiberoptic intubation because of their prior
experience with bronchoscopy. The authors did agree that the use of cadavers is limited
by the “inability to reproduce hemorrhage, muscle spasm, or hematoma ... [and]
decreased joint and tissue mobility.”

Another method that has been studied used nonanatomical models to aid in
dexterity training (17). The two models studied were the “choose the hole” model and
the Dexter model. The former consists of three wooden panels with labeled holes
through which the bronchoscope is guided. The Dexter is a system that consists of a
model that can be changed, a training manual, an image chart, and a map. The trainees
practiced on the models, then performed five bronchoscopies on the other study par-
ticipants. They were graded by time to visualization of various bronchial locations and
by a previously validated Global Rating Scale. Participants who used the Dexter system
performed better, but they had also spent more time with the models prior to performing
the live bronchoscopy. Interestingly, this study did not include a control group that did
not undergo model training because such a control group was considered unethical. The
majority of those who learn bronchoscopy have never used any model prior to per-
forming an initial procedure.

Simulators have garnered more notice and have been recommended for training in
basic bronchoscopy. They have the advantage of not needing to use animals or human
cadavers and of being able to simulate patient responses (i.e., cough, hemorrhage).
While the cost of this technology is high, the hope is that it will decrease over time,
making the technology available at most teaching institutions (18). The use of simulators
in the aviation, aeronautics, and nuclear industries has been cited as examples of the
benefit of virtual reality training. Colt et al. studied five novice fellows who underwent
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an eight-hour course on bronchoscopy (four hours of group instruction, followed by four
hours of individual simulator practice) and compared them with four skilled physicians
who had performed over 200 bronchoscopies each (19). They were evaluated on the
bronchoscopy simulator and on an inanimate bronchoscopy model. Scores were based
on dexterity (graded by bronchial wall collisions avoided), accuracy (defined by the
number of bronchial segments entered), and speed. They found no difference in the
two groups after the novices completed their training session. Another study by Blum
in the cardiothoracic surgery literature showed that only an hour of training with a
bronchoscopy simulator was necessary for novice PGY 1 bronchoscopists to be nearly as
competent as experienced residents (20). The use of simulators can also give the trainee
more comfort and confidence with using the bronchoscope (21). While simulators can
improve the dexterity of the bronchoscopist, other aspects of the procedure such as
understanding the appropriate indications, contraindications, risks, and benefits of the
procedure must be mastered.

IV. Interventional Pulmonology Training
Currently, advanced training in interventional bronchoscopy outside of a traditional
pulmonary fellowship program consists of four possible pathways: (i) exposure and
teaching during a traditional pulmonary and critical care fellowship, (ii) short courses of
several days duration of instruction with some hands-on experience usually in an animal
lab, (iii) mini-sabbaticals consisting of several months of more intensive training, and
(iv) subspecialty fellowship year(s) in designated interventional pulmonology programs
much like interventional cardiology. There is debate as to whether some of these
methods are sufficient to gain adequate understanding and proficiency in these proce-
dures. In an editorial in Chest in 1978, Dr. W. Faber, a thoracic surgeon, stated that he
did not believe it was appropriate to train the occasional endoscopist and that physicians
should be required to “define what they hope to accomplish in their endoscopic practice”
(22). He could not have imagined the increase in the number and complexity of pro-
cedures, leading to a call for advanced training in interventional pulmonology.

The short courses that teach a specific procedure (i.e., EBUS) are ideal for those
who have finished formal training and hope to incorporate new technologies into their
practices. The courses typically have a didactic portion followed with some hands-on
experience with simulators or animal models. A short course of simulator training for
flexible bronchoscopy has been shown to be successful in teaching the technical skills
needed, and perhaps this type of education could be translated into other procedures
(19). The biggest drawback of these programs is the lack of real experience performing
the procedure on a patient under direct supervision of an experienced interventionalist.
With current guidelines, these courses cannot offer the repetition needed to become
competent in these procedures.

Alternately, mini-sabbaticals are longer in duration and allow the trainee to focus
solely on the procedure(s) to be learned. These several-month training courses can offer
the experience needed to become ‘“competent” in the procedures in an environment
where they are performed on a regular basis. However, the drawback is that the trainee
has to be in a situation to be able to take several months away from their practice, which
can be expensive and impractical. In addition, institutions throughout the United States
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and Europe have increased the restrictions placed upon visiting trainees, making this
type of instruction difficult to find.

Currently, additional subspecialty fellowship training is not mandatory for inter-
ventional pulmonology, and, where appropriate, such training can be incorporated into a
traditional three-year fellowship program if the patient population is sufficient.

The initiation of dedicated year of subspecialty training in interventional pul-
monology is the topic of debate based on both the expertise that can be gained and the
volume that most pulmonologists will encounter. Similar fellowships exist in both
cardiology and gastroenterology. They both call for an additional year of training
beyond the traditional generic track with an examination required for certification. On
one side of the debate is the general belief that an additional fellowship will allow the
trainee to perform enough procedures to be competent, and the greater number of
procedures performed translates into decreased morbidity and mortality. One survey by
Haponik of 59 representative pulmonary fellows showed a wide variation in procedural
exposure and in methods of training across pulmonary fellowship programs (23).
Pastis et al. reviewed fellows’ attitudes toward training (24). In their survey, they
found that general pulmonary fellows do not feel well trained in more complex
interventional procedures and that 52.7% would be interested in advanced training with
93.5% feeling that it is reasonable to require minimal numbers of supervised proce-
dures for certification. Another survey of pulmonary fellowship directors found that
the procedures to which fellows were exposed varied considerably (25). It demon-
strated that some programs with a dedicated interventional pulmonologist had an
increased likelihood of training in some but not all advanced procedures. But having an
interventional pulmonologist did not correlate with achieving an adequate number of
procedures suggested to attain competency. Thus, a dedicated interventional fellow-
ship will allow a trainee to obtain competency, but not for every procedure. Others
advantages of a dedicated interventional training program include improved scope and
quality of research, better-defined standards of practice, and creation of a larger pool of
interventional pulmonologists to teach within academic centers, thus advancing the
field (26).

Conversely, most pulmonologists in practice do not perform advanced proce-
dures beyond fellowship training. Most community or non-“megaclinic” institutions
lack the infrastructure to support a physician performing these procedures (27), and
they do not have a referral base for these interventions, which decreases the oppor-
tunity to perform them on a regular basis. Additionally, no standard of care or clear
data exists to quantify or qualify competence in these advanced procedures (such as
board examinations).

V. Defining Competence

The most important question for training of anything is “What defines competence?”
This is a simple question without a simple answer, especially when patient safety is an
issue. In school, written and oral examinations are used to assess understanding. But
procedural competence not only requires the demonstration of the technical skills to
complete the task, but also includes an understanding of the indications, risks, and
possible complications, as well as the need for repeated performance and possibly
testing of the ability to perform the procedure.
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A quick and simplistic method to determine competence is to use numbers of
procedures performed as an indication of acquired ability. Dull attempted to analyze
proficiency in flexible fiberoptic bronchoscopy on the basis of diagnostic accuracy (28).
In his study, he concluded that 100 bronchoscopies are sufficient to reach competencies.
In 1982, the ACCP released their Guidelines for Competency and Training in Fiberoptic
Bronchoscopy, stating that the “minimum number of procedures to allow one to be able
to anticipate problems and complications is 50 diagnostic bronchoscopies” under
supervision (29). Others have written editorials stating their opinions on adequate
numbers (30). But one thoracic surgeon aptly concluded that numbers may not be
sufficient to ensure competence and that the “performance of the procedure on a regular
basis” is more important (31).

For interventional bronchoscopy, the ERS/ATS published their “ERS/ATS
Statement on Interventional Pulmonology” in 2002, which defined the procedures,
recommended the equipment and personnel necessary, described the techniques and
complications, and listed the numbers of procedures performed needed to achieve and
maintain competence (1). The ACCP followed in 2003 with their guidelines, which also
based competence on the number of procedures performed (2) (Table 2).

Using number criteria to judge competence is based on the thought that “practice
makes perfect,” but repetitive practice may not fully allow the trainee to completely
understand the procedure itself or the complications and management of the possible
risks involved. A novice pianist may practice a song repeatedly to perfection at home,
but when that pianist is playing that same song in a recital on a stage with bright lights
and a crowd, the situation can complicate the musician’s ability to perform well. In the
same way, the ability to perform a diagnostic bronchoscopy and being able to deal with
the complications that can occur during that procedure differ.

One hundred flexible bronchoscopies are recommended by the ACCP to be deemed
competent in this procedure (2). It is still unclear if numbers of procedures performed can
solely be used to assess the skills necessary to be considered competent. In a recent study
by Crawford, only three of six trainees who had performed more than 200 flexible
bronchoscopies were able to locate, identify, and enter all required bronchial segments
(32). None of the trainees who had performed less than that were able to do the same.
Alternately, in another study, nine novice bronchoscopists who were initially trained with
a simulator were compared to nine experienced bronchoscopist who had each performed
between 200 and 1000 bronchoscopies (33). The difference between them in the number
of segments studied and the economy of performance disappeared after merely the second
bronchoscopy, and the difference in the number of wall collisions disappeared after only
five attempts. Neither study states that the ability to enter certain segments or other
endpoints defines proficiency, but both used those criteria to grade the study participants.

VI. Aviation Training as a Model
As noted above, simulators in bronchoscopy have been studied as a tool to provide
novice trainees an introduction to the procedures to make their initial patient contact
safer. But perhaps the bronchoscopy community should take more from the aviation
industry than simply the use of simulators.

In 2003, the FAA began developing the FAA Industry Training Standards (FITS)
program plan that comprises various methods of training pilots. This program is
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Table 2 ACCP and ERS/ATS Guidelines for Competence in Interventional Pulmonology
Procedures

ACCP ERS/ATS
Number of Number of
Number years to years to
needed for maintain Number needed maintain
Procedures competence  competence for competence competence
Rigid bronchoscopy 20 10 20 10-15
TBNA 25 10 25°%
Autofluorescence 20 10 Proven expertise
EBUS 50 20 40 25
Laser 15 10 >20 10-15
Electrocautery and 15 10 >10 5-10
argon plasma
coagulation
Cryotherapy 10 5 >10 10
Brachytherapy 5 5 >5 5-10
Photodynamic 10 5 >10 5-10
Stents 20 10 >10 5-10
Transthoracic needle 10 10 >10 5-10
aspiration/biopsy
Tube thoracostomy 10 5
Pleuroscopy 20 10
Percutaneous pleural 5 5
biopsy
Percutaneous 20 10 5-10 10
dilatational
tracheotomy
Tracheal oxygen 10 5 >5 >5
therapy

* Obtain 10 positive specimens with cytology needles prior to attempting to use histology needles.

multitiered with the ultimate goal of keeping pilots up-to-date and producing training
standards. These programs include Safer Skies, which is an attempt to determine root
causes and how to break the chain of events that occur, as well as scenario-based
training (SBT) with learner-centered grading, which may be applicable to the bron-
choscopy community.

In the development of SBT instruction, the FAA focused on the learning theory of
E. L. Thorndike who developed the law of readiness (basic knowledge and skills), law of
exercise (repetition and practice), and law of effect (emotional reaction of student to
stimulus as negative versus positive reinforcement) (34). Three additional laws were
used: law of primacy (learn the correct procedures at first application), law of intensity
(learning as immediate and dramatic as the real situation), and the law of recency
(training close to actual practice). Additionally, the FAA implemented several rules for
their instructors that can be applied to all training: First, the student conducts a
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preprocedural plan. Second, avoid overloading the student with too many new tasks or
information at one time. Third, avoid teaching very complex or important items during a
time when there are other distractions. Fourth, use varying cues for teaching such as
verbal, visual, and tactile. Fifth, relate new knowledge to previous understanding. And
sixth, give the trainee time to process before moving onto next teaching item.

The SBT is aimed at first instructing students in the traditional didactic manner to
give them basic knowledge. Then that knowledge is put into practice in simulated
scenarios that are based on the learning objective. Finally, the learners would be con-
tinually evaluating themselves with learner-centered grading that consists of more than
just a self-assessment of their abilities. In the FITS manual, the trainee should describe
the physical characteristics and cognitive elements of the scenario, explain the concepts
and procedures, plan and execute the procedure in an actual situation, and perform the
procedure after gathering all the pertinent information and assessing the risks (34,35).

In the bronchoscopy community, this more comprehensive method of training can
be used as an example in an effort to standardize training and introduce the trainee to a
variety of situations. For example, a curriculum can be devised to teach the basic
knowledge of bronchoscopy or other advanced procedures including the indications,
risk, and complications. One course has been developed and is currently available online
called Bronchoscopy International (www.bronchoscopy.org). It contains a four-part
curriculum that takes the novice bronchoscopist through the knowledge and skills
needed to learn bronchoscopy: Essential Bronchoscopist, Flexible Bronchoscopy Step
by Step, the Art of Bronchoscopy, and BronchAtlas. Through self-learning and question-
answer modules, the Essential Bronchoscopist section teaches the basic knowledge of
bronchoscopy including anatomy and abnormalities, instrumentation, cleaning, safety,
and complications. Flexible Bronchoscopy Step by Step consists of exercises for per-
forming bronchoscopy that incorporates instructor evaluation and learner self-assess-
ment of skill. The trainees are evaluated on the ability to traverse through the various
segments of the bronchial tree and identify those segments. And in the end, the trainees
do a self-evaluation of their comfort with the procedure. The Art of Bronchoscopy
emphasizes the “philosophy” of bronchoscopy and the principles of the procedure, such
as staying in the midline and slowing down to think before acting. In the BronchAtlas
section, clinical cases are presented to teach recognition of anatomy and abnormalities,
description of those abnormalities, and how to communicate. And finally, Bronchoscopy
International allows bronchoscopists throughout the world to share their images and
cases in the BronchAtlas. This curriculum does bring the novice through many good
components to teach bronchoscopy, but simulation can add to this training course.

A bronchoscopy simulator gives the trainee practice with manual dexterity skills
before performing an actual bronchoscopy on a patient. The simulator is able to make
some assessments as to wall collisions, segments entered, and length of procedure,
giving feedback on the correct performance (18). The simulator sessions can be designed
to teach the basic procedure and offer opportunities to practice that procedure. But as
one becomes more comfortable with basic bronchoscopy, other more complex scenarios
can be created in a stepwise fashion to teach the student how to handle more compli-
cated situations, such as hemorrhage or lung collapse. When the basic skills needed to
perform a procedure have been obtained, the learner should be evaluated by an instructor
for readiness to perform an actual bronchoscopy. The trainees should be able to assess
the patient and explain to the instructor the indications and plan for the procedure before
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Table 3 Components of Training

Components Definition Methods of obtaining

Understanding reasons

Knowledge for procedure Web-based curriculum
Understanding risks, benefits Textbooks
and complications
Monographs
Scientific publications
Anatomy Identifying all structures Use of simulators, inanimate models,
germane to the procedure animal labs, cadavers, humans
Identifying abnormalities
Technical skills Understanding equipment Use of simulators, inanimate models,

animal labs, cadavers, humans
Knowing the procedural steps
and protocols

Practice Mastering of procedures Supervised and mentored performance
with patients
Testing Assessing abilities and skills Feedback from simulator

Written tests
Supervised evaluation of performance

starting the procedure. They should also be able to assess any of the possible risks in a
particular patient. After the procedure, both should then review the procedure together to
address any issues or questions as well as to assess the execution of the procedure. This
curriculum can be used for any procedure and for the novice as well as for the practicing
bronchoscopists who are learning new or honing their skills. With this situation, all
courses of basic and more advanced procedural training can be taught with the hope of
improving procedural quality and performance (Table 3) (23).

Vil. Conclusion
In summary the techniques within the field of interventional pulmonology continue to
increase in number and complexity as technology advances. This heightens our
awareness of the gaps that currently exist in educating clinicians to perform complex
procedures. Closing this gap can be accomplished with the caveat that a “one size fits
all” solution is not currently available. There are components to the mastery of any
procedure that are common: a structured educational curriculum, practice on an inani-
mate model or simulator, supervision of cases by an experienced practitioner, and
repetition. Since interventional pulmonology is a new field, drawing from the expertise
of others (e.g., the aviation industry) can provide an educational framework from which
to learn and teach. Programs like Bronchoscopy International that can provide the basics
have already made a foray into this type of instruction. As procedures become more
advanced, new modules will need to be developed. The question of competence is a
constant concern for novice and seasoned bronchoscopists learning new techniques. It is
overly simplistic to rely only on competency numbers for certification to perform these
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procedures as those criteria do not verify that the practitioner is aware of or prepared for
any complications. English biologist and writer Thomas Henry Huxley once wrote,
“Perhaps the most valuable result of all education is the ability to make yourself do the
thing you have to do, when it ought to be done, whether you like it or not; it is the first
lesson that ought to be learned; and however early a man’s training begins, it is probably
the last lesson that he learns thoroughly.”
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l. Introduction
The number of patients with lung, other solid organ, and hematopoietic stem cell
transplantation (HSCT) is steadily increasing in many countries. Overall prognosis has
improved with evolving immunosuppressive regimens, surveillance protocols, as well as
diagnosis and treatment of pulmonary complications. Bronchoscopy remains a key
investigation to diagnose infectious and noninfectious transplantation-related conditions
and treat complications in the lung graft.

Il. Flexible Bronchoscopy—Technical Review
Flexible bronchoscopy (FB) is routinely performed under moderate sedation and local
anesthetic to perform an inspection, bronchoalveolar lavage (BAL), mucosal biopsy,
transbronchial biopsy (TBB), and/or transbronchial needle aspiration.

A. Premedication and Sedation
In most centers, premedication for FB is usually limited to inhalation with short-acting
bronchodilators in patients with obstructive pulmonary disease (1). Preinterventional
administration of atropine is not routinely recommended because of nonsignificant
differences in bronchodilation, secretions, use of normal saline, bleeding, desaturation,
and arrhythmias (2,3). In general, the aims of an appropriate sedation are to maintain
adequate patient comfort while safely performing bronchoscopy. Patient acceptance of
bronchoscopy is directly related to the appropriateness of the sedation—if insufficient,
60% of patients find it unpleasant and 25% refuse to have a repeat investigation (3-5).
An emerging modern concept for endoscopy is the continuum of sedation, in which
patients shift between different sedation levels as required, from minimal sedation/
anxiolysis, to moderate sedation/analgesia (formerly referred to as conscious sedation),
and to deep sedation/analgesia (6). For bronchoscopy, the most appropriate level of
sedation is moderate sedation/analgesia, defined as a medication-induced depression of
consciousness during which the patient purposefully responds to verbal commands, no
specific interventions are required to maintain a patent airway, spontaneous ventilation
is appropriately maintained, and cardiovascular function is stable (6). Generally, a
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benzodiazepine (e.g., midazolam) combined with an opiate (e.g., fentanyl) to induce
sedation and analgesia/cough suppression, respectively, is titrated to achieve the desired
depth of sedation/analgesia. There is an increased requirement for drugs in patients with
cystic fibrosis, lung transplantation, or HSCT (7,8). In such patients, propofol may be a
drug of choice to obtain adequate sedation for bronchoscopy (7). Patients with HIV and
drug abuse may also need higher doses of sedation during bronchoscopy (7).

B. Monitoring During Bronchoscopy

During bronchoscopy, patients are continuously monitored with pulse oximetry to assess
oxygen requirements. Lung transplant recipients are at particular risk for desaturation
events during FB for several reasons: sedation-related central respiratory depression,
allograft dysfunction, and upper or central airway obstruction (9). Patients with severe
heart disease or significant hypoxia should also be monitored with an ECG to detect
arrhythmias. Though transcutaneous carbon dioxide monitoring during bronchoscopy
is feasible, patient groups that benefit from this measurement still need to be clearly
defined (10). As patients with lung, other solid organ, or HSCT may present with
significant pulmonary impairment that require a diagnostic FB, cautious monitoring is
essential during the procedure to guarantee maximal safety.

C. Bronchoalveolar Lavage
Performing BAL allows obtaining a microbiological sample and the cellular composi-
tion of the alveolar space in a specific lobe or segment of interest. Typically, in lung
transplant recipients, a lavage sample is sent routinely for cytology, aerobic culture, and
fungal studies at every bronchoscopy. During the procedure, the bronchoscope is
wedged in a segmental or subsegmental bronchus, followed by the instillation of total of
100 mL of prewarmed normal saline, in 20 mL aliquots that is subsequently aspirated
for further examination. The technique for performing BAL is identical in patients with
lung, other organ, or HSCT. Most guidelines recommend that patients at increased
risk for bleeding (uremia, immunosuppression, liver disease, coagulation disorders, or
thrombocytopenia) have their platelet count and coagulation capacity (prothrombin time,
partial thromboplastin time, and INR) measured prior to the intervention (11). Baseline
examination of BAL fluid generally includes bacterial stain (gram, acid-fast bacilli) and
immunostains for the detection of specific organisms (e.g., PCP, cytomegalovirus). A
cell count is not routinely performed in transplant patients. Furthermore, staining with
specific fluorochrome-labeled antibodies allows performing flow cytometric analysis for
more in-depth analysis of cellular profiles (e.g., CD4+:CD8+ ratio). More recently,
some centers have used BAL in IFN-y release assays for the diagnosis of tuberculosis
and the measurement of specific compounds, such as myeloperoxidase, eosinophilic
cationic protein, and IL-8 in the surveillance of the lung allograft posttransplant (12,13).

D. Transbronchial Lung Biopsy
Transbronchial lung biopsy is usually performed under fluoroscopic guidance, with or
without maintaining a wedge position during the entire procedure (14,15). Under uni-
planar or biplanar fluoroscopic guidance, 1.8- to 2.4-mm fenestrated ellipsoid or croc-
odile biopsy forceps are advanced into the lung periphery to obtain parenchymal
specimen from the left (usually lower lobe and lingular segments) and right (usually
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lower and middle lobes), or from focal radiological abnormalities (16-19). When per-
forming TBB with the wedge technique, the bronchoscope is advanced as far as possible
into a segmental/subsegmental bronchus, and the forceps extruded and guided under
fluoroscopy to the periphery until a resistance is felt, retracted 1 to 2 cm, opened, and
biopsy taken during expiration. When performing the wedge technique, the broncho-
scope is maintained at its localization during the entire procedure, whereas without
wedging during TBB the forceps is advanced under visual control into the segment of
interest. In lung allograft 10 or more biopsies are recommended to minimize sampling
error and enhance the diagnostic yield, whereas for other transplant patients less biopsies
may be required, depending on the clinical situation (16-19). Specimens may be placed
in normal saline for microbiology, but are mostly fixed in formaldehyde solution,
embedded, serially cut, and stained, for example, with hematoxylin, specific immu-
nostains (e.g., CMV and PCP), or PCR (e.g., tuberculosis) (20).

E. Balloon Dilatation and Bronchoplasty

Dilatation of strictures with a balloon may be performed either through a rigid or a
flexible bronchoscope. The technique consists of advancing the balloon through the
stricture and inflating it under visual or fluoroscopic control at increasing diameters in a
stepwise manner. The choice of the balloon diameter is determined by the bronchoscopic
inspection of the stenosis and its morphological features in CT radiographs. Different
balloons and corresponding inflation devices are presently marketed—usually controlled
application of 6 to 12 atm results in diameters ranging from 4 to 20 mm on pre-
determined balloon lengths of 40 to 80 mm. The balloon is inserted through the working
channel, optimally placed within the stenosis and inflated at increasing pressures, each
step being held up to one minute with cautious monitoring of blood pressure, heart
rhythm, and oxygen saturation. The balloon may be inflated either with normal saline or
with a radiopaque solution if fluoroscopic guidance is utilized. If required, this proce-
dure may be repeated at several occasions until the desired result is achieved (21,22).
Though rare, reported complications include pain, airway laceration, and recurrent
stenosis (23).

F. Airway Stenting
Stents are tubular devices deployed in an airway to maintain its patency in conditions
was extrinsic or intrinsic compression, or when both exist. A variety of stents exist on the
market, though none will offer only advantages without the potential drawbacks, such as
mucus plugging, migration, fracture, bacterial colonization, hemoptysis, erosion, and
affordability. However, from the range of stents currently available, a suited one may be
chosen that will be most appropriate for a particular situation. Broadly, these devices are
categorized into silicone, metal, and hybrid stents, each with their own advantages and
disadvantages (23). Metallic and hybrid stents are manufactured from nitinol, a nickel
titanium alloy endowed with advantageous mechanical properties, excellent bio-
compatibility, and good tissue tolerance. Metallic stents can be inserted with a rigid or
flexible bronchoscope, whereas placing a silicone stent always requires a rigid bron-
choscope. The general procedure consists localizing and measuring the length of the
stenosis and then predilatating either with a balloon or with the rigid bronchoscope. The
stent is then deployed with the help of an introducer (silicone stents) or inserted with a



238 von Garnier and Chhajed

wire-guided stent delivery system and deployed under visual or fluoroscopic control
(metallic and hybrid stents).

lll. Procedure-Related Complications and Management

A. Hypoxia
FB may cause hypoxia, partly because of drug-related central hypoventilation and upper
airway obstruction. Additional factors causing hypoxia are airway obstruction by the FB
(shunt effect), large amounts of fluid in the airways (e.g., BAL fluid and local anes-
thetic), and excessive suctioning. The British Thoracic Guidelines recommend main-
taining oxygen saturation more than 90% to prevent cardiac arrhythmias by routine
oxygen supplementation during the procedure (11). The simple insertion of a naso-
pharyngeal tube and transient withdrawal of the bronchoscope during procedures
reversed 88% of the hypoxic events, as these are mostly related to upper airway
obstruction (9). Patients who did not respond to this effective measure received phar-
macological reversal of their sedation or manual bag ventilation, and rarely endotracheal
intubation with ventilation (9). Though optional, the availability of an anesthetist, pro-
pofol, back-up rigid bronchoscopy, and fluoroscopy is desirable when performing
bronchoscopy (24,25). Patient’s desaturation events during and prior to FB are suc-
cessfully treatable with preventive insertion of a nasopharyngeal tube prior to any
subsequent bronchoscopic procedure (9). The risk factors associated with hypoxia during
the procedure were male gender, obstructive sleep apnea, and increased BMI.

B. Pneumothorax

Pneumothorax following FB with TBB is reported to occur in 1% to 6% of cases and up
to 14% in mechanically ventilated patients (26-33). Though fluoroscopic guidance for
TBB did not decrease pneumothorax rates, it is recommended for the biopsy of localized
lung lesions (11,34-36). About half of the patients with post-TBB pneumothorax
required drainage with a chest tube (32,37). Most bronchoscopists will perform a routine
CXR one hour after the procedure to exclude a pneumothorax, as suggested by the BTS
guidelines (11). This approach has recently been challenged by a study that analyzed 350
post-TBB, showing that the CXR confirmed a pneumothorax requiring drainage only in
symptomatic patients (32). The authors suggested that only symptomatic patients require
a post-TBB CXR, as pneumothoraces in asymptomatic patients were small and did not
lead to chest tube placement.

C. Bleeding

Major bleeding during FB is a rare complication, reported in less than 1% of the
bronchoscopies (38—40). Clinically relevant hemorrhage was more common with
transbronchial than with endobronchial biopsies, especially when performed in the
presence of diffuse lung disease (1.6-4.4%) (39,41,42). The risk of bleeding is higher in
ventilated patients, but seems unrelated to the type of biopsy forceps utilized (33,43).
Conditions commonly associated with increased risk of bleeding are uremia, pulmonary
hypertension, thrombocytopenia, coagulation disorders, liver disease, and immunosup-
pression (44,45). Of the inhibitors for platelet aggregation, aspirin did not lead to
increased bleeding complications during TBB, but clopidogrel and the combination of
the two drugs were significantly associated with hemorrhages (40,46).
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Most bronchscopists will employ one of three approaches, or a combination, when
confronted with bleeding: (1) maintaining a wedge position in a segmental or sub-
segmental bronchus to tamponade the bleeding; (2) instillating ice-cold normal saline,
diluted adrenaline, or glypressin (vasopressin derivative) intrabronchially via the
working channel of the bronchoscope (47); (3) back-and-forth suctioning to maintain a
clear vision; or (4) utilizing an endobronchial balloon (14,15,39). Furthermore, com-
pared to the topical administration, intravenous vasopressin was equally effective but led
to increased diastolic blood pressure (47). Rarely, bronchial arterial embolization or
surgical procedures have to be adopted.

IV. Value of Bronchoscopy in Management
of Transplant Recipients
In transplant recipients other than lung transplant, FB is generally indicated in the
workup of radiographic changes under immunosuppression. In lung transplant patients,
however, there are several indications for FB: (i) early posttransplantation; (ii) sur-
veillance, diagnostic, and follow-up TBB; (iii) therapeutic interventions: suture removal,
dilatation, laser photocoagulation, diathermy and argon plasma electrocoagulation, and
stent placement; (4) research protocols.

A. Inspection in Lung Transplantation

Most centers will perform FB on day 1 to 2, day 7, and day 14 post transplant and/or
prior to discharge. Visualization of the bronchial anastomoses is an essential part of any
FB performed post lung transplant to detect dehiscence, defects, or signs of inflam-
mation. As bronchial arteries are not anastomosed to the systemic arterial blood supply,
posttransplant viability of the graft tracheobronchial tree relies on blood supply from the
pulmonary circulation. Therefore, some degree of ischemia in the perianastomotic
region extending into lobar bronchi is usually present, especially early after trans-
plantation. Caution should apply while performing a bronchoscopy to minimize addi-
tional trauma through vigorous suction, as this may worsen mucosal ischemia. Any
excess secretions should be gently cleared with saline flushes. The TEGLA scale, a
classification to report ischemic injury, has been proposed, consisting of a visual grading
of the following parameters: (i) thickness, (if) extent of injury, (iii) granulation tissue,
(iv) loose sutures, and (v) anastomotic/airway complications (48).

B. Bronchoalveolar Lavage
BAL fluid examination is a key investigation in the workup of lung radiographic
changes in immunosuppressed hosts with solid organ and HSCT. BAL facilitates
detection of infectious complications (bacterial, viral, fungal, protozoan) through a
combination of microbiological cultures, cytological morphology, immunohistochem-
ical stains, and molecular biology approaches such as PCR. Bacterial infections lead to a
neutrophilic alveolitis with an increase in total cell counts. A differential diagnosis to be
considered in the presence of neutrophilia in lung transplant (LT) recipients is rejection
and bronchilitis obliterans. Lymphocytic alveolitis is the hallmark of a viral infection
that usually decreases the ratio of CD4+ to CD8+ T cells because of a relative increase
in CD8+ cytotoxic/suppressor T cells (49). BAL eosinophilia is usually found with
fungal infection, but may also be associated with rejection, asthma, or acute eosinophilic
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pneumonia (50,51). BAL is sensitive for the diagnosis of Pseudomonas aeruginosa
infections, frequently found in cystic fibrosis LT recipients and in broncholitis oblit-
erans syndrome (52). Immunosuppression increases the risk for opportunistic infections
such as Pneumocystis jiroveci pneumonia (formerly PCP), cytomegalovirus (CMV)
pneumonitis, and invasive pulmonary aspergillosis (IPA). The prophylactic adminis-
tration of trimethoprim-sulfamethoxazole (TMP-SMX) in immunosuppressed trans-
plant recipients effectively prevents PCP infections (52-54). CMV pneumonitis is a
diagnosis made on the basis of the donor/recipient organ status, serology, culture,
cytomorphology, antigen detection, and PCR amplification. Serologic criteria com-
patible with an active CMYV infection are a fourfold rise in CMV-specific IgG or newly
detected IgM antibodies. Antibody tests to detect CMV antigen in cells are a rapid
method to detect early CMV infection (55). PCR-based assay for the detection of CMV
DNA is an additional test available in the armamentarium for CMV diagnosis, but this
technique still requires standardization and validation in larger studies (56,57).
Aspergillus colonization of the airways in the immunosuppressed host is a risk factor to
develop invasive pulmonary aspergillosis, but BAL in LT patients is neither specific
nor sensitive enough to be clinically useful (49). Though colonization with Aspergillus
is common in LT patients, invasive growth occurs infrequently but causes high mor-
tality rates (58-60). Therefore, most lung transplant centers will initiate antifungal
treatment when Aspergillus colonization is documented in sputum, bronchial secretions,
or BAL.

In patients with HSCT, the reported diagnostic yield of bronchoscopy is up to
74%, influencing therapeutic decisions in 41% of the patients (61-65). In this patient
group, the reported diagnostic yield of TBB (with unrevealing BAL) is low (5-12%) and
complication rates of TBB are higher (4-9%) (61,62,66-68). To our knowledge, no
prospective randomized controlled trial exists to date in which the effect of routine
bronchoscopy on prolonged survival of HSCT patients has been investigated, and it is
questionable whether such a study will be performed in the future because of ethical
issues. Most clinicians will balance empiric treatment, diagnostic uncertainty, and
potentially life-threatening adverse events against the risks, moderate diagnostic yield,
and low impact on treatment decisions of bronchoscopy.

C. Transbronchial Lung Biopsy
Obtaining histological samples from the lung with TBB remains a method of choice to
investigate infiltrates in immunocompromized transplant patients. In particular for LT
patients, TBB allows assessing the pulmonary graft for rejection and/or infection, either
as a routinely performed surveillance or as a diagnostic procedure in the presence of
unexplained lung functional decline (>10% reduction in FEV1), radiographic changes
(infiltrates, masses, nodules), or respiratory symptoms (17,69).

The Lung Rejection Study Group (LRSG) provided a classification and grading of
pulmonary allograft rejection, reporting the degree of acute rejection as the extent of
perivascular mononuclear infiltrate (A descriptor), the degree of airway inflammation
(B descriptor), and presence or absence of bronchiolitis obliterans, as well as chronic
vascular rejection (69). Importantly, the LRSG has also recommended that at least five
TBB specimen should be taken during each procedure for optimal diagnostic yield (69).
Up to 20% of the biopsy specimen may be unsatisfactory because of insufficient lung
parenchyma, mechanical distortion, blood clot formation, and sampling of airways only
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(70,71). Most centers will routinely obtain more than 10 samples to maximize quality
and minimize sampling error.

The necessity, frequency, and timing of routine surveillance TBB in LT to
diagnose early rejection and CMV infection still generate controversy. In their single-
center study on 81 LT recipients, Valentine et al. found no difference between a group
that had received 0 to 1 TBB/BAL and those that had more than 1 TBB/BAL performed
during three-year follow-up (72). Another study did not detect significant differences in
BOS prior to and after ceasing routine surveillance TBB (73). On the other hand, in a
large study evaluating 1235 TBB in LT recipients, the diagnostic yield for surveillance
TBB in clinically stable patients was 28% in the first three months, and only 11% in the
4- to 12-month interval (17). These data are similar to a 26% diagnostic yield reported
by Baz et al. in 157 surveillance TBB (74). On the basis of these observations, the risk-
to-benefit ratio of surveillance TBB six months post transplant is questionable. It has
recently been shown that patients who develop multiple Al rejections develop an
earlier onset of bronchiolitis obliterans and may warrant alternative immunosuppressive
strategies (75).

V. Role of Interventional Bronchoscopy in Lung
Transplantation

Complications in the lung allograft are still seen in 7% to 14% of LT recipients despite
improved operative techniques and optimized immunosuppressive protocols (76-80).
Perianastomotic ischemia leads to airway stenosis and malacia, the two most frequent
complications. Operative techniques such as omental wrap, direct revascularization,
forced telescoping, and discontinued steroid therapy do not alter the frequency of
anastomotic problems (80). The indications for a therapeutic FB are airway stenosis,
tracheobronchomalacia, obstructing granulation tissue, anastomotic dehiscence, and
mucus plugging (48). Interventions performed during FB include suture removal, bal-
loon dilatation, ablation of granulation tissue (electrocautery, laser photocoagulation),
and metallic stent placement (76,81). Balloon dilation is indicated in stenotic lesions
occluding more than 50% of the airway lumen that cause dypsnea, decreased lung
function, and inability to clear secretions distally to the stenosis (76). Performing this
procedure during FB is safe and can be repeated as required, avoiding subsequent stent
insertion in up to a quarter of the patients (76). Stent placement is indicated when
stenotic lesions do not respond to a couple of balloon dilation attempts, significant
bronchomalacia exists, or if anastomotic dehiscence occurs. In an analysis of stent
placement for 11 post-LT anastomosis complications (2 anastomosis dehiscence, 5
tracheobronchomalacia, 4 bronchial stenoses), Saad et al. reported immediate resolution
of symptoms in nine patients (82%) (82). Stent-related complications, mostly minor in
nature, in this series included infection (36%) and granuloma formation (27%), but only
one migration and one hemoptysis. Subsequently, Mughal et al. analyzed seven patients
with post-LT dehiscence successfully treated with uncovered self-expanding metallic
stents (SEMS) (83). Stent insertion resulted in complete healing of the dehiscent
anastomosis. Complications included three stent stenoses and one stent migration, and
two patients requiring repeat stent insertion because of bronchomalacia after stent
removal. Therefore, temporary utilization of SEMS in life-threatening bronchial
dehiscence provides a safe and minimal invasive treatment option.
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VI. Role of Bronchoscopy in Fundamental Research

FB may provide access to different anatomical compartments of the respiratory tract and
allows obtaining both tissue and cells samples from these regions for research purposes.
Potentially, mucosal biopsies and bronchial brushings provide samples from the main
conducting airways, whereas TBB and BALF reflect the more peripheral parenchymal
compartment and alveolar space. Obliterative bronchiolitis limits post-LT survival;
therefore, active research in this area is of utmost importance. One in vitro method to
study the biology of fibroblasts and their response to immunosuppressive drugs con-
sists of obtaining fibroblast cultures from TBB in LT recipients (84,85). BAL fluid
may be utilized to assess the composition of immune cells in the alveolar space and
measure levels of cytokines, chemokines, and growth factors. Nicod et al. showed that
alveolar macrophages in lung allograft displayed upregulated CD80, CD83, and CD86
during early or late rejection (86). Elevated levels of IL-6, IL-8, TGFp, and PDGF in
BAL fluid were associated with BOS (87,88). Taken together, FB provides an
invaluable research tool in transplanted patients to assess the effect of immunosup-
pression on the respiratory tract and also provide insight into post-LT changes that
affect lung allograft survival.
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