
Biomedical Optics in 
Otorhinolaryngology

Head and Neck Surgery

Brian J.-F. Wong
Justus Ilgner
Editors

123



  B I O M E D I C A L  O P T I C S 
I N  O T O R H I N O L A R Y N G O L O G Y 



                



    Biomedical Optics in 
Otorhinolaryngology 

 Head and Neck Surgery 

 Edited by 

    Brian   J.-F.   Wong
Department of Otolaryngology Head and Neck Surgery, Department of Biomedical Engineering, 

Division of Facial Plastic Surgery,  The Beckman Laser Institute and Medical Clinic, 
University of California Irvine, Irvine, CA, USA    

     Justus   Ilgner

Department of Otorhinolaryngology, Plastic Head and Neck Surgery, 
RWTH Aachen University Hospital, Aachen, Germany                            



 ISBN 978-1-4939-1757-0      ISBN 978-1-4939-1758-7 (eBook) 
 DOI 10.1007/978-1-4939-1758-7 

 Library of Congress Control Number: 2016940413 

   © Springer Science+Business Media New York   2016 
 This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of the material is 
concerned, specifi cally the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting, reproduction 
on microfi lms or in any other physical way, and transmission or information storage and retrieval, electronic adaptation, 
computer software, or by similar or dissimilar methodology now known or hereafter developed. 
 The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication does not 
imply, even in the absence of a specifi c statement, that such names are exempt from the relevant protective laws and 
regulations and therefore free for general use. 
 The publisher, the authors and the editors are safe to assume that the advice and information in this book are believed 
to be true and accurate at the date of publication. Neither the publisher nor the authors or the editors give a warranty, 
express or implied, with respect to the material contained herein or for any errors or omissions that may have been made. 

 Printed on acid-free paper 

 This Springer imprint is published by Springer Nature
The registered company is Springer Science+Business Media LLC New York 

 Editors 
   Brian   J.-F.   Wong  ,  M.D., Ph.D   
  Department of Otolaryngology Head and Neck 

Surgery 
 Department of Biomedical Engineering
Division of Facial Plastic Surgery
The Beckman Laser Institute and Medical Clinic 
 University of California Irvine 
  Irvine ,  CA ,  USA 

     Justus   Ilgner  ,  M.D   
  Department of Otorhinolaryngology 
 Plastic Head and Neck Surgery
RWTH Aachen University Hospital 
  Aachen ,  Germany   



v

 Efforts to explore human cavities began thousands of years ago. Physicians were interested 
in exploring the natural openings in the body, including the ear, nose, and throat for diag-
nostic and therapeutic purposes. The Edwin Smith Papyrus, the oldest known surgical text, 
described the situation in Ancient Egypt around 3000 BC. It describes Rhinoplasty for the 
reconstruction of a broken nose. The Ebers Papyrus is another one of the oldest medical 
texts and the situation in Ancient Egypt around 1700 BC. There is a detailed description of 
diseases of the ear, the nose, and the throat. Around 500 BC, physicians in Ancient Greece, 
belonging to the School of Hippocrates, used simple speculum for the fi rst endoscopic 
imaging inside the rectum and the vagina. 

 The physicians in antiquity used their eyes to study these openings. Optical lenses were 
known in Greece and in other countries, but their magnifi cation was relatively low (≈ × 2) 
and therefore did not provide much help. Eye glasses (spectacles) were invented much later, 
around the thirteenth century, but again it is not clear that they offered much help to the 
practicing physician. 

 The fi rst microscopes were invented in the sixteenth and seventeenth centuries and the 
ones developed around 1670–1690 by Leeuwenhoek and Malpigi and others could be used 
for observing blood cells. Leeuwenhoek used his microscope to observe bacteria from the 
mouth. All these microscopes could have been used for pathology, but they were not enthu-
siastically accepted by the medical world. First of all, they could only be used for small 
objects and, second, they exhibited strong chromatic aberration. An important progress 
was made with the development of the compound microscope (based on two convex lenses) 
around 1590–1600 by Hans and Zacharias Jannsen and by Galileo. Further developments 
by Carl Zeiss and Otto Schott led to the emergence of microscopes that were binocular, 
had much higher resolution, and had reduced chromatic aberration. This led to a wide use 
of these microscopes clinically in otolaryngology, starting around 1870. 

 The fi rst practical camera was developed by Louis Daguerre in 1839 and was immedi-
ately used by physicians. George Eastman pioneered in 1885 the use of the fl exible photo-
graphic fi lm and then developed the KODAK still camera. At fi rst, there was the monochrome 
(black and white) fi lm and then color fi lm, which was extensively used by the public and 
also made tremendous impact on practically all medical disciplines. The development of 
high-quality still camera was followed by the development of cine camera, both of which 
were extensively used in medicine till the twenty-fi rst century. 

 A much later development involved the digitizing of images and storing them elec-
tronically. It started by the invention of the charge-coupled device (CCD) by George Smith 
and Willard Boyle in 1969. This led to the rapid development of digital cameras in the 
1980s, and they were immediately used in medicine. It was followed by a plethora of rigid, 
compact cameras of exceptional picture quality and then the development of miniature 
cameras such as those used in smartphones and other popular devices. The various digital 
cameras have been used in all fi elds of medicine and in particular in otolaryngology 

 Electronic displays appeared in the 1920s, with the development of the cathode ray 
tube (CRT), and they were used in television sets and in computer monitors, which did 
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have some effect on otolaryngology. Liquid crystals were studied since the early 1900s and 
were gradually used in liquid crystal displays (LCDs), which in the 2000s dominated the 
fi elds of large screen TV and computers and small screens of cameras and cellular phones. 
These displays made it possible to view instantaneously the image obtained with an elec-
tronic camera. A fl at panel TV screen based on light-emitting diodes (LEDs) appeared in 
the 1980s, and it is likely that LED displays which give a much brighter screen and a much 
better picture quality will replace the LCD screens. These new display devices made an 
immediate effect on medicine, including otolaryngology. 

 The thoughts of examining the interior of the body date back to ancient times, but the 
main problem was how to illuminate that region. Bozinni invented the fi rst working endo-
scope that could be used for this purpose. He used a candle as a light source and some 
mirrors illuminated the inside of the body and transmitted back an image. The fi rst physi-
cian to use it clinically was ZZZ. 

 The fi rst internally lit device used to inspect the interior of the human body was con-
structed by Philipp Bozzini of Mainz, Germany, in 1806. Bozzini called his device a 
“Lichtleiter” or light conductor. It was constructed of a tube, with various attachments, to 
be inserted into a body cavity. A candle and angled mirrors inside the device enabled the 
physician to see inside the cavity. Antoine Desormeaux was the fi rst surgeon who intro-
duced the Lichtleiter to a patient. Maximilian Nitze replaced the light source of the 
Lichtleiter by a miniature electrical light lamp around 1880 and got much better results. It 
was originally thought that the Lichtleiter would be most useful for examining the larynx, 
but the design later came to be adapted for urological and gynecological applications. 

 A major leap in endoscopy was made by Harold Hopkins who had originally developed 
the zoom lens. He developed a rigid endoscope based on a rod-lens system which provided 
images of very high quality, and these rigid endoscopes are still being used today. 

 Optical fi bers are thin, fl exible threads of transparent material (glass or plastic) that 
transmit light from side to side. Such fi bers have been known for centuries, but Harold 
Hopkins and Narinder Kapany were the fi rst to achieve in 1954 a good image using an 
ordered bundle of glass fi bers in a fl exible fi berscope. This was immediately used by Basil 
Hirschowitz for the development of a fi ber-optic endoscope that was fi rst used in gastros-
copy and then in many other medical disciplines. Still cameras and video cameras were easily 
coupled to endoscopes for endoscopic imaging. In the beginning, the images were cap-
tured on a photographic fi lm, and then it was possible to use digital cameras, instanta-
neously look at the images using electronic screens, and store them digitally on a computer 
or on an electronic chip. A more recent development was to attach a tiny digital camera at 
the tip of an endoscope, use it for endoscopic imaging, and use the fi bers just for illumina-
tion. And, again, the image was shown on an electronic screen and stored electronically. 

 The fi rst laser was demonstrated by Theodore Maiman in 1960. Shortly afterwards, it 
was fi rst used in ophthalmology for the attachment of detached retina. The early lasers were 
not highly suitable for ENT work. In 1963, Kumar Patel invented the CO 2  laser whose 
radiation was highly absorbed by tissues, and it was very suitable for cutting tissues precisely 
and with little bleeding. It therefore led to a rapid development of the laser surgery in many 
medical disciplines. Geza Jako and Stuart Strong started using this laser in 1971 and used 
it for endoscopic surgery on a papillary lesion of the vocal cord. 

 Lasers are advanced sources or light, with unique properties such as very pure color, 
coherence, etc. There are pulsed lasers and CW lasers, covering the spectral range from the 
deep UV to the far IR. Low-intensity lasers were used for many diagnostic applications. 
Medium-intensity lasers were used for the treatment of diseased areas such as photothermal 

Foreword: Biomedical Photonics in Otorhinolaryngology



vii

therapy or photodynamic therapy of cancer. Higher intensity lasers (including pulsed lasers) 
were used for surgery. 

 It was natural to couple laser beams into other optical elements, such as transmitting 
laser beams through optical fi bers for surgery or for diagnosis. These fi bers were easily 
inserted through endoscopes so that the medical procedures are carried out endoscopically. 

 As an example for more recent developments, we may mention that surgeons have been 
interested in natural orifi ce endoscopic surgery (NOTES) for surgical operations performed 
by an endoscope that is inserted through a natural orifi ce, such as the mouth or nose—thus 
reducing scarring. 

 During the last 60 years, there have been major developments in the fi elds of modern 
optics and electro-optics, and many of these developments found their way into medicine 
and in particular into otorhinolaryngology. The biomedical photonics applications in this 
fi eld include the use of endoscopic techniques, microscopy, lasers for diagnosis, therapy, 
and surgery, optical imaging, optical coherent tomography (OCT), fi ber optic sensors, etc. 

 Physicians working in otolaryngology may get the impression that these fantastic devel-
opments indicate that medicine today has made progress through the recent scientifi c/
engineering developments and that the medicine of the past was highly inferior. This is a 
wrong impression. Medicine has slowly progressed for thousands of years, and today we 
benefi t from all the contributions of generations of clever and innovative physicians. In this 
respect, we may use the metaphor attributed to Isaac Newton: If I have seen further it is by 
standing on the shoulders of giants. 

 Dr Katzir  
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 Our objective in assembling this excellent series of chapters into one book was to provide an 
overview for scientists, engineers, and clinicians on the cutting-edge optical technologies 
used for the management of diseases of the head, neck, and upper airway as well as on tradi-
tional surgical photonic applications which have stood the test of time and yet provide 
enough potential for further development. It is by no means meant to be a comprehensive 
treatise on all uses of optical technologies in the head and neck. We have selected topics 
which we believe have signifi cant potential for the innovation and evolution of technology. 

 The use of optical technologies in the otolaryngology––head and neck surgery started 
in the 1970s with the pioneering work of Jako, Strong, and Vaughn in Boston who intro-
duced the laser as a tool for laryngeal and pharyngeal cancer operations. Later, with refi ne-
ment in technology and delivery systems, surgical applications broadened to middle ear 
surgery, in particular for the surgical treatment of otosclerosis (“stapes surgery”). In the 
1980s, unprecedented funding in the United States was available for fundamental research 
as a consequence of the Reagan administration’s Strategic Defense Initiative. This was a 
windfall for the optics industry, and there was an immense spillover of technology into 
many civilian application areas including medicine. In 1988, at SPIE OE/LASE (then held 
in Los Angeles), biomedical optics was broken out as a separate session. A year later, the 
pioneering efforts of Abraham Katzir led to the formation of the Biomedical Optics Society. 
In 1995, the Biomedical Optics Symposium or “BiOS” as we know it today moved to San 
Jose forming Photonics West and has grown to include dozens of clinical disciplines, 
encompassing over 2000 oral presentations per year. The otolaryngology sessions have 
grown commensurately. 

 This book would not be possible without the input, contributions, and efforts from 
participants of the Otolaryngology––Head and Neck Surgery section at the SPIE Biomedical 
Optics Symposium. The winter “ENT” conferences at BiOS have grown and evolved over 
20+ years originally focusing on purely surgical applications of lasers to the current empha-
sis on the broader use of optical technologies to study diseases of the head and neck, special 
senses and sensory organs, and the upper airway. Early leaders at BiOS include Stanley 
Shapshay, Hans Scherer, and Robert Ossoff. They fostered innovation in light-based thera-
pies and diagnostics and saw the importance of creating a venue linking scientists, engi-
neers, and clinicians. We have been honored to continue this tradition for the past 15 years. 

 Likewise, there is a second generation of clinicians and scientists who have contributed 
to the growth of optics in the management and study of head and neck disease. It is also 
important to recognize the contributions of many fellows of the Head and Neck Optical 
Diagnostics Society. “HNODS” was founded 7 years ago by Colin Hopper at University 
College London. HNODS is an umbrella organization through which the interest of those 
doing research in optical imaging and photodynamic related therapies could be further 
united as expertise and interest in diseases of the head and neck are spread across multiple 
specialties in Europe, unlike the United States, where Otolaryngology is dominant. Five 
international HNODS meetings (London, San Francisco (×2), Innsbruck, Orlando, 
Munich) have been held and a small international working group including Waseem Jerjes 
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and Christian Betz has provided a venue for dissemination of information, collaboration, 
and growth particularly with photodynamic therapy, where regulatory issues in North 
America have made clinical evaluation and trial challenging. 

 Again, we view this volume as providing a cutting-edge review of emerging optical 
technologies for use in treating disorders of the head, neck, and upper airway. We hope that 
this provides scientists, engineers, and clinicians with an overview of this fi eld and a starting 
point for future detailed study. 

 We would also like to acknowledge the participation of some key contributors to this 
volume who are also leaders in this fi eld, in particular Colin Hooper, Waseem Jerjes, and 
Christian Betz. Finally, this volume would not have been possible at all without the support 
and guidance of Rebecca Amos and Daniel Dominguez at Springer. 

 Finally, we dedicate this book to our clinical teachers as well as our patients who have 
taught us so much about the need to develop better technologies to treat the most complex 
disorders that encompass the head and neck.  

  Irvine, CA, USA     Brian     J.-F.     Wong      
Aachen, Germany    Justus     Ilgner     
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    Chapter 1   

 Practical Endoscopy for Laser Interventions 
of the Upper Aerodigestive Tract                     

     Frances     B.     Lazarow      and     William     B.     Armstrong       

       Introduction 

 This chapter will cover the fundamentals of endoscopy in otolar-
yngology, beginning with a history of the substantial progress that 
has been made since endoscopy was fi rst developed in the 1800s, 
followed by a brief overview of the anatomy of the upper aerodi-
gestive tract, and concluding with a discussion of contemporary 
offi ce-based and surgical endoscopic practices. Knowledge of the 
fundamentals of endoscopy both in the offi ce and the operating 
room is critical to understanding our current capabilities for  visu-
alizing and manipulating structures   within the upper aerodiges-
tive tract.  

   A Brief History of Endoscopy 

 Today, we take for granted the ability to visualize the airway, 
digestive tract, and genitourinary tract. While today’s otolaryngol-
ogist regards endoscopy as a regular and necessary part of any clini-
cal examination, there was a time when even visualizing the airway 
of a living patient was science fi ction. The dramatic evolution of 
endoscopy has depended on the convergence of technological 
advances within and outside the fi eld of medicine. Over the last 
two centuries, developments in lighting, optics, biomaterials, anes-
thesia, image documentation, and computer technology have 
transformed our ability to  image internal anatomy and pathology  . 
A few of the major advances are highlighted here. 
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 The era of endoscopy began in the early 1800s, when Philip 
Bozzini became the fi rst person to use an external light source (a 
candle refl ected by mirrors), to visualize structures inside living 
human patients (primarily the esophagus, bladder, and rectum) 
[ 1 ,  2 ]. However, his device was so heavy and awkward that it was 
almost unusable in regular clinical practice [ 3 ]. By 1853, urolo-
gist Antonin Desormeaux developed the fi rst functional endo-
scope to visualize the  urethra  , performed the fi rst successful 
endoscopic operations, and coined the term “endoscopy” [ 4 ,  5 ]. 
Another urologist, Maximilian Carl-Friedrich Nitze, used a series 
of lenses to increase  magnifi cation   and is credited with creating 
the fi rst usable cystoscope in 1877 [ 2 ]. Adolph Kussmaul adapted 
Desormeaux’s endoscope for the fi rst esophagoscopies in 1867–
1868 [ 4 ], although it was not until 1880 that Jan Mikulicz and 
Joseph Leiter were able to build the fi rst gastroscope [ 2 ]. Initially, 
these new devices were primarily used for  genitourinary and gas-
trointestinal applications  , but physicians had harbored a keen 
interest in using endoscopy to more thoroughly visualize the air-
way since Manuel Garcia, Ludwig Turck, and Johann Czermak 
fi rst used mirrors to examine the living larynx in the early 1850s. 
A major hurdle was overcome in 1884, with the discovery of 
cocaine as a topical anesthetic [ 1 ]. Prior to this, physicians had to 
use habituation to overcome the patient’s gag refl ex, an unpleas-
ant process that required weeks of preparation to tolerate the 
procedure [ 1 ]. In 1895, Alfred Kirstein developed the fi rst true 
direct  laryngoscope  , and soon after, Gustav Killian was able to 
perform the fi rst  bronchoscopy   [ 1 ]. In 1910, Sidney Yankauer 
introduced the fi rst laryngoscope that could accommodate bin-
ocular vision [ 1 ]. The next year, Killian introduced suspension 
laryngoscopy, an operative setup in which the laryngoscope is 
supported by a rigid platform affi xed to the operating table, 
rather than held by the surgeon [ 1 ]. Binocular vision and the 
ability to use instruments with both hands made operative proce-
dures on the larynx a reality. In 1953, the Zeiss Optical Company 
introduced the fi rst  binocular microscope  , opening the door for 
Oskar Kleinsasser to develop and utilize specialized microsurgical 
instruments and pioneer the fi eld of microlaryngoscopy and lar-
ynx microsurgery in the 1960s [ 2 ,  6 ]. In the early 1970s, 
M. Stuart Strong and Geza Jako coupled a carbon dioxide laser 
to a surgical microscope for use through a laryngoscope [ 7 ]. 
Since that time, numerous surgeons, especially Wolfgang Steiner, 
continued to develop endoscopes with better exposure and 
refi ned endoscopic  instruments and surgical techniques  , to allow 
effective manipulation of bulky specimens and obtain effective 
hemostasis to resect larger tumors [ 8 – 11 ]. 

Frances B. Lazarow and William B. Armstrong
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 Thomas Edison’s invention of the  light bulb   in 1879 made 
possible the utilization of advances in endoscope design and 
anesthesia. Previous light sources such as candles, gas fl ames, and 
galvanized wires were dim, exothermic, and dangerous. As the 
twentieth century dawned, the incandescent light bulb was smaller, 
ran cooler, and shone brighter, which pushed the march of prog-
ress in endoscopy forward. Mikulicz was the fi rst to use a miniature 
electric bulb in the esophagogastroscope [ 12 ]. However, distal 
incandescent bulbs were still problematic because of their pro-
pensity to burn out during the case, a potentially devastating event. 
In 1930, gynecologist Heinrich Lamm introduced the concept of 
 fl exible fi ber optics   to endoscopy by showing that fi ne threads of 
glass fi bers could be bundled together to act as a conduit for a light 
source, and these bundles could be bent [ 2 ]. Fiber-optic light car-
riers brightened images even more than incandescent bulbs, with-
out a corresponding increase in heat output [ 2 ]. In the late 1950s, 
fi ber-optic cables were further manipulated to transmit images, 
allowing for completely fl exible instruments [ 2 ]. By 1968, 
Sawashima and Hirose described the fi rst fl exible transnasal laryn-
goscope [ 1 ]. While fl exible fi ber-optic endoscopes were a major 
advance, their image quality did not approach that of the Storz- 
Hopkins rigid endoscope. This scope design used glass rods instead 
of the traditional air interspace between lenses, which absorbed less 
light along the length of the scope and provided a wider viewing 
angle [ 1 ,  2 ]. This technology was invented by Harold Hopkins in 
the 1950s and improved when Hopkins and Karl Storz collabo-
rated in 1965 [ 1 ]. An updated version of this scope remains widely 
used in clinical practice today. 

 Documentation of image fi ndings historically relied on notes 
or diagrams drawn by the clinician. With improved lighting and 
image delivery, photography could now be used to permanently 
record images and document fi ndings objectively for comparison 
over time. Film and, later, videotape recordings of examinations 
became possible. In 1969,  charge-coupled devices (CCD)         were 
invented [ 1 ]. A CCD is an integrated circuit that contains light- 
sensitive capacitors aligned in a two-dimensional array, with each 
capacitor representing one picture element (pixel). When photons 
contact the CCD, they generate electric signals that are digitally 
processed to produce high-quality color digital image data that can 
be displayed on video monitors, printed, or saved on computer 
media. The CCD enabled development of cameras that directly 
connect to the endoscope so multiple people could view the 
examination at once and digital recordings could be made to 
facilitate comparison of exams over time. 

 Improvements continued to be made to endoscopic visualization 
throughout the close of the twentieth century and the dawn of the 

Practical Endoscopy for Laser Interventions of the Upper Aerodigestive Tract
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twenty-fi rst century. CCDs were progressively miniaturized and 
moved from camera heads to the distal tip of the endoscope. They 
were put into gastrointestinal fl exible endoscopes in 1984, creating 
what would be known as “chip on the tip”  endoscopes   [ 1 ]. The 
fi rst “ chip on the tip”   transoral fl exible bronchoscope became 
available in 1990 [ 1 ]. In 1999, CCD technology was  miniaturized 
suffi ciently to allow the development of a “chip on the tip” endo-
scope that could be passed through the nose, allowing endoscopy 
to occur without sedation. This scope used a CCD camera for 
image transfer and fi ber-optic technology for light delivery [ 1 ]. By 
the beginning of the twenty-fi rst century, “chip on the tip” tech-
nology had improved to the point that the resolution of a fl exible 
scope was very close to that of a rod-lens telescope, the gold stan-
dard of endoscopic image production [ 1 ]. 

 The numerous advances in endoscope design and optics have 
enabled today’s surgeon to perform many therapeutic procedures, 
from biopsies and balloon dilations to laser ablation of tumors, on 
unsedated patients in the ambulatory offi ce setting. Offi ce proce-
dures in the awake patient allow dynamic assessment of function 
and treatment results, especially of the  vocal cords   (see Table  1 ). 
Performing procedures in the offi ce also eliminates the medical 
risks of general anesthesia, decreases direct (expense of the medica-
tions, monitors, facility, nursing/anesthesia staff, etc.) and indirect 
(lost work time for both the patient and the companion who must 
drive the patient home from the procedure) costs of general anes-
thesia or moderate sedation, and increases surgeon productivity 
because of more rapid turnover of procedures. With the growing 
focus on containing healthcare expenditures and increasing patient 
demand for minimally invasive care, it can be expected that existing 
offi ce procedures will become a mainstay of clinical practice, and as 

   Table 1  
  Comparison of offi ce endoscopy and operating room  endoscopy     

 Offi ce endoscopy  OR endoscopy 

 Advantages  • Ability to see dynamic function 
 • No tissue collapse 
 • Avoid medical risks of general 

anesthesia 
 • Lower cost 
 • Increased surgeon effi ciency due 

to shorter turnover time 

 • No risk of limitation due to patient 
discomfort 

 • Ability to control bleeding 
 • Physician has greater opportunity 

to palpate and manipulate structures 

 Disadvantages  • Patient discomfort 
 • Limited extent of procedures 
 • More diffi cult to control 

bleeding 

 • Higher cost 
 • Risks of general anesthesia 
 • Tissue collapse/diffi cult exposure 
 • No ability to see function 

Frances B. Lazarow and William B. Armstrong
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technology improves and surgeons gain more experience in the 
ambulatory setting, even more procedures will be transferred from 
the operating room to the offi ce.

   While these improvements in endoscopic image quality have 
enabled physicians to see tissue surfaces with exceptional clarity, 
endoscopes cannot see into the tissue and provide details about 
changes occurring below the surface.  Imaging modalities   such as 
CT and MRI are important adjuncts to endoscopy and are primar-
ily useful for determining the depth of tumor invasion. This infor-
mation can have important implications for  cancer staging and 
prognosis  . Other imaging technologies, such as high-frequency 
ultrasound, confocal microscopy (see Chaps.   38     and   39    ), tissue 
spectroscopy, and optical coherence tomography (see Chaps.   41    –  45    ), 
are being investigated or used to analyze the subsurface structure 
of tissues. 

 Today, the otolaryngologist’s offi ce is equipped with a vari-
ety of rigid and fl exible endoscopes, which are used multiple 
times daily and are invaluable to clinical practice. These endo-
scopes have a variety of applications, which will be discussed 
later in this chapter. While  distal chip endoscopy   provides superb 
images, this technology is still very expensive, which has limited 
its utilization until now. However, these costs are decreasing, so 
it is likely distal chip endoscopes will be more widely adopted in 
the future.  

   Basic Anatomy of the Upper Aerodigestive Tract 

 The following sections are not meant to be a comprehensive over-
view of anatomy but rather a brief discussion of the most impor-
tant and frequently seen structures and conditions encountered 
during endoscopy. In general, regardless of anatomic site, the 
examiner should note the quality and color of the mucosa, identify 
the precise location of abnormalities, and obtain measurements of 
the dimensions of anatomic lesions. Special note is made of any 
masses, swollen or asymmetric tissues, friable lesions, bleeding, 
edema, or infl ammation (see Fig.   1 ).

     Structures seen in the  nasal cavity   include the turbinates, nasal sep-
tum, and sinus ostia (sinus drainage pathways). Large turbinates or 
a deviated septum can impair airfl ow and sinus drainage. It is also 
important to note the color and quality of the nasal mucosa, diag-
nose polyps, recognize purulent sinus drainage, and identify prom-
inent blood vessels. The examiner generally cannot directly examine 
the sinuses as the natural ostia are too small to allow passage of an 
endoscope.  

  Nasal Cavity  

Practical Endoscopy for Laser Interventions of the Upper Aerodigestive Tract
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   The oral cavity can be visualized with good lighting and mirrors 
when necessary. Endoscopy is not required for even the most thor-
ough exams. The oral cavity is bounded by the skin-vermillion 
junction of the lips and includes the hard palate, anterior two- 
thirds of the tongue, buccal membranes, upper and lower alveolar 
ridge, and retromolar trigone to the fl oor of the mouth [ 13 ]. It is 
important to note the condition of the teeth, gums, and tongue.  

   The nasopharynx begins anteriorly at the posterior choanae of the 
nasal cavity, encompasses the space beneath the sphenoid sinus, 
extends posteriorly to the posterior pharyngeal wall, and extends 
inferiorly to the plane forming the superior surface of the soft pal-
ate. Its contents include the adenoids and the openings to the 
Eustachian tubes.  

   The oropharynx extends vertically from the plane of the soft palate 
to the epiglottic vallecula. The anterior border is the junction of 
the anterior two-thirds and posterior one-third of the tongue at 
the circumvallate papillae and the junction of the hard and soft pal-
ate. It contains the base of tongue, palatine tonsils, tonsillar pillars, 
and soft palate [ 13 ]. The majority of the oropharynx can be visual-
ized directly with the exception of the tongue base, which requires 
mirror or endoscopic visualization because it is hidden from view 
by the anterior portion of the tongue.  

  Oral Cavity     

  Nasopharynx     

  Oropharynx     

Nasal cavity

Sinuses

Oral cavity

Hyoid bone

Hard palate

Soft palate

Eustachian tube

Adenoids

Tonsil

Vocal cords

Trachea Esophagus

Larynx

Epiglottis

Nasopharynx
Oropharynx Pharynx
Hypopharynx

  Fig. 1    Basic anatomy of the head and  neck  . Key structures in the head and neck. Note the delineation of the 
pharynx into the nasopharynx, oropharynx, and hypopharynx       

 

Frances B. Lazarow and William B. Armstrong



9

   The  hypopharynx   connects the oropharynx to the esophagus and 
lies behind and around the larynx. Radiographically, it runs from 
the level of the hyoid bone superiorly to the lower level of the cri-
coid cartilage [ 14 ]. On examination, the level of the vallecula 
approximates that of the hyoid bone. The hypopharynx can be 
divided into three sites: the piriform sinus, the postcricoid area, and 
the posterior pharyngeal wall. The hypopharynx is lined with strati-
fi ed squamous epithelium and has a rich network of lymphatics.  

   The  larynx   connects the hypopharynx to the trachea. It extends 
from the tip of the epiglottis to the inferior border of the cricoid 
cartilage. The larynx consists of the hyoid bone, thyroid cartilage, 
and cricoid cartilage as well as paired arytenoid, corniculate, and 
cuneiform cartilages with associated muscles, fat, connective tis-
sues, and blood supply. The major anatomic structures seen on 
endoscopy are the epiglottis, aryepiglottic folds, false vocal folds, 
true vocal folds, and subglottis. It is important to visualize the lar-
ynx when the patient reports any voice changes, such as hoarse-
ness. Changes to the mucosa of the larynx, or in the amount or 
quality of secretions, can also indicate pathology.  

   The trachea is a semirigid tubular structure containing 15–20 
C-shaped cartilaginous rings held together by connective tissue 
and lined with pseudostratifi ed columnar epithelium [ 15 ]. The tra-
chea is 4–6 in. long, begins at the larynx, and splits into the pri-
mary bronchi, which lead into the lungs. The trachea is not 
routinely assessed during a typical offi ce exam, but it can be exam-
ined after administering topical anesthesia and passing the endo-
scope past the vocal cords.  

   The esophagus is connected to the oropharynx via the hypopharynx. 
It consists of layers of mucosa, circular and longitudinal muscle, 
and adventitia. The upper third of the esophagus is striated muscle, 
the middle third is a mix of striated and smooth muscle, and the 
lower third is smooth muscle. The esophagus is also not routinely 
assessed during a routine offi ce exam.   

   Flexible Endoscopy 

   Flexible endoscopy is a fundamental tool for the otolaryngologist 
in the ambulatory setting. In addition to being an exceptionally 
safe and effi cient diagnostic device to assist evaluation of  numerous 
complaints   such as voice changes, dysphagia, neoplasms, and 
refl ux, advances in endoscope design and optics have enabled the 
surgeon to perform many therapeutic procedures via fl exible 
endoscopy on unsedated patients in the offi ce. These interventions 
include biopsies, dilations, laser ablations, and vocal fold injec-
tions. A typical fl exible endoscope is seen in Fig.  2 .

  Hypopharynx  

  Larynx  

  Trachea     

  Esophagus     

 Introduction
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      Rigid endoscopy is generally preferred over its fl exible counterpart 
because image quality is superior with a rigid endoscope (see 
Table  2 ). Magnifi cation and light transport are inferior with fl exi-
ble endoscopy [ 16 ]. With fl exible endoscopy, there are distortions 
at the periphery of the viewing fi eld, and when the image is in 
focus, there is a honeycomb effect that is increased by the edge- 
detection software of digital imaging systems [ 16 ]. Flexible endo-
scopes are less often used in the operating room (where patients 
are under general anesthesia) for these reasons. However, advan-
tages of a fl exible endoscope over a rigid endoscope include the 
ability to evaluate the larynx while the patient speaks or sings. In 
the larynx, fl exible endoscopy is generally preferred when the clini-
cal question is one of movement rather than structure and is better 
for assessing neurologic function, connected speech, and move-
ment disorders. Additionally, fl exible endoscopy allows more accu-
rate assessment of arytenoid mobility and the glottic gap because 
of the neutral tongue and neck positions. Flexible endoscopy also 
allows inspection of the nasal cavity, nasopharynx, oropharynx, 
hypopharynx, and larynx in the same exam, which is useful in a 
patient with several complaints or one who poorly tolerates multi-
ple exams [ 16 ].

   Prior to undergoing  fl exible endoscopy  , the patient’s nasal cavity 
is anesthetized and decongested with a topical spray. The endo-
scope is inserted through the nasal cavity and directed into the 
nasopharynx and down to the larynx. The patient can be directed 
to phonate, repeat passages, swallow, cough, and perform Valsalva 
or other maneuvers to evaluate the anatomy and function of the 
structures in view (see Fig.  3a, b ).

 Nasal Cavity, 
Nasopharynx, 
Oropharynx, 
and  Larynx  

  Fig. 2     Flexible endoscope  . An example of a fl exible fi ber-optic endoscope. This 
endoscope is inserted transnasally and used to examine the nasal cavity, phar-
ynx, and larynx of awake patients in the offi ce. The tip can be manipulated by the 
physician via a mechanism at the proximal end (not shown) in order to better 
guide the endoscope through the upper airway and more thoroughly inspect 
particular areas of interest       
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       Esophagoscopy   was one of the first applications for flexible 
endoscopes, and the instruments have been miniaturized to allow 
passage through the nasal cavity. Historically, flexible esophagos-
copy was first performed transorally, generally with sedation, but 
miniaturization of scope diameter and placement of the camera on 
the distal end of the endoscope has allowed insertion of the endo-
scope through the nasal passage.  Transnasal esophagoscopy (TNE)   
is very similar to flexible laryngoscopy, with the additional step of 
passing the scope beyond the larynx into the esophagus. TNE elic-
its less gag reflex because it avoids the oral cavity, so it does not 
require the patient to be sedated. These esophagoscopes are small 
diameter (3–5 mm) but still have a working channel to pass biopsy 

  Esophagus     

   Table 2  
  Comparison of methods to visualize the  larynx     

 Mirror 
 Flexible fi ber-optic 
endoscope 

 Flexible distal chip 
endoscope 

 Rigid 
endoscope 

 Diffi culty of exam  +++  +  +  ++ 

 Optical image quality  ++++  ++  +++  ++++ 

 Dynamic function/phonation “eee”  +  +  +  + 

 Connected speech/conversation  −  +  +  − 

 Ability to photograph/record  −  +  +  + 

  Fig. 3    ( a – b )  Flexible laryngoscopy  . A patient being examined with a fl exible endoscope. ( a ) The physician 
advances the endoscope through the patient’s nasal cavity, which can be seen on the screen above the 
patient’s head. ( b ) The physician has now advanced the scope through the nasal cavity to the pharynx, bringing 
the larynx into view. The patient has been directed to say “eee” to evaluate the motion of the vocal cords       
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forceps, laser fibers, and dilators, as well as having suction capability. 
This allows the physician to perform a variety of procedures in the 
office without the risks or costs that accompany sedation. Transoral 
flexible esophagoscopy generally requires moderate sedation and is 
used for more extensive procedures or in patients who cannot toler-
ate procedures in the office due to anxiety or discomfort. 

 Flexible esophagoscopy has been adopted to evaluate and 
manage a variety of clinical conditions including dysphagia, chronic 
cough, refractory or long-standing gastroesophageal refl ux, laryn-
gopharyngeal refl ux, confi rmation of fi ndings on an abnormal 
radiographic study, screening for Barrett’s metaplasia, evaluation 
of strictures, and evaluation for a second primary tumor in the 
workup of head and neck cancer. Interventional indications include 
biopsy, treatment of bleeding lesions, prophylactic banding of 
esophageal varices, foreign body removal, removal or ablation of 
 lesions  , and dilation of stenotic regions [ 12 ].  

   In the offi ce setting, the proximal trachea is often visualized from 
above the larynx with rigid or fl exible endoscopes. Passage of the 
endoscope through the glottis generally elicits a violent cough 
refl ex and spasmodic closure of the larynx. Topical anesthesia 
applied to the larynx and trachea allows passage of a fl exible endo-
scope into the trachea and bronchi. 

 Flexible bronchoscopy is a method of visualizing the lower air-
way and lungs. It can be performed via the oral or nasal route [ 17 ]. 
Although fl exible bronchoscopy can be performed without seda-
tion (similar to TNE), many physicians elect to use moderate seda-
tion, and a few use general anesthesia, especially for more advanced 
procedures with larger endoscopes [ 17 ]. 

 Similar to TNE performed in the offi ce setting, fl exible bron-
choscopy has both diagnostic and therapeutic indications. 
Indications for diagnostic bronchoscopy include hemoptysis, sus-
pected stricture or obstruction, suspected or known cancer, for-
eign body aspiration, and evaluation of burns or chemical injury to 
the airways [ 17 ]. Flexible bronchoscopes have a channel that 
allows passage of suction, medication, and other instruments, 
which allow for removal of a mass, dilation of strictures, stent 
placement, and foreign body removal [ 17 ]. Small biopsies, balloon 
dilations, and laser ablations can be performed in the properly 
equipped ambulatory suite.   

   Rigid Endoscopy 

   Flexible endoscopy is convenient, effi cient, and well tolerated by 
patients, elicits less gag refl ex, and is essential for exams in patients 
with certain anatomic variants. Rigid endoscopy, however, is con-
sidered the gold standard for image quality and is occasionally 

  Trachea/Bronchi     

 Rigid Endoscopy 
in the  Offi ce  
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necessary for obtaining an accurate diagnosis. In the offi ce setting, 
rigid telescopes are used to evaluate the nasal cavity, nasopharynx, 
and larynx. It provides high resolution, bright, clear images with 
excellent contrast [ 16 ]. There is minimal optical  distortion  , and 
images are more accurately magnifi ed than with a fl exible endo-
scope [ 16 ].  

   Rigid endoscopes have been developed to evaluate the nasal cavity 
and nasopharynx in the offi ce. Rigid nasal endoscopes come in 
diameters of 2.7–4 mm and in multiple angles from 0° to 90° [ 18 ]. 
The portion of the scope that can be inserted into the patient’s 
nose is approximately 20 cm long, with additional length at the 
proximal end for attachment of a light source and a camera (see 
Fig.  4 ). Nasal endoscopy is an offi ce procedure that requires light 
topical anesthetic and mucosal vasoconstriction. It is generally well 
tolerated by patients and can visualize the nasal passages, drainage 
pathways from the sinuses, and the nasopharynx. Biopsies of the 
nasal cavity and nasopharynx can also be taken with endoscopic 
guidance.

      Examination of the larynx is performed by having the patient in 
the “sniffi ng position” with the examiner grasping the tongue. An 
angled telescope (70° or 90°) is passed over the tongue and aimed 
to visualize the larynx (see Fig.  5 ). Laryngeal anatomy and vocal 
cord motion are well visualized, but examination of phonation 
is limited to producing sustained vowels (e.g., “eee”) [ 16 ]. 

  Nasal Cavity/
Nasopharynx     

  Larynx     

  Fig. 4    Rigid endoscope. 0° (degree) rigid endoscope, 18 cm long and 4 mm in 
diameter. Rigid endoscopes such as this are used in the offi ce and the operating 
 room  . It is inserted transnasally and used for inspection of the nasal cavity, sinus 
drainage pathways, and nasopharynx       
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Many neurologic or functional disorders require use of a fl exible 
endoscope to evaluate function with connected speech, coughing, 
swallowing, and other maneuvers not possible when using the rigid 
endoscope [ 16 ].

      While offi ce-based endoscopy is essential to every otolaryngolo-
gist’s outpatient practice, surgical endoscopy also has an equally 
important role in the operating room. Surgical endoscopy is most 
often performed under general anesthesia, although some 
 procedures can be accomplished with moderate sedation. Rigid 
direct laryngoscopy performed in the operating room is often per-
formed to more precisely characterize lesions identifi ed in the 
offi ce setting and to obtain biopsies and tissue palpation for staging 
of tumors. Surgical endoscopy provides unimpeded access for 
biopsies, injections, excisions, and other procedures that would 
not be tolerated in the awake patient, especially if the possibility of 
signifi cant bleeding or airway compromise is anticipated. However, 
it generally does not allow assessment of dynamic movement, and 
visualization can sometimes be impaired by airway collapse or pres-
ence of an endotracheal tube required to support ventilation 
during general anesthesia. 

 Operative endoscopy is also performed as part of the staging of 
head and neck cancers. Rigid operative endoscopy is performed to 
visualize and biopsy the primary tumor and to evaluate the larynx, 

 Rigid Endoscopy 
in the  Operating Room  

  Fig. 5     Rigid laryngoscopy  . A patient undergoing rigid laryngoscopy. The patient 
sits in the “sniffi ng position” with the neck extended. The physician grasps the 
patient’s tongue with one hand and guides the angled, rigid telescope over the 
tongue with the other hand. The physician can see the vocal cords come in to 
view on the screen above the patient’s head as he advances the endoscope       
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esophagus, trachea, and bronchi for second primary tumors. 
Studies have shown that panendoscopy (laryngoscopy, bronchos-
copy, and esophagoscopy) reveals a 2.4–4.5 % incidence of second 
primary tumors of the upper aerodigestive tract [ 19 – 21 ]. However, 
others have determined that screening panendoscopy only shows 
second primary tumors in patients with a smoking history [ 22 ]. 
While the incidence of a synchronous primary tumor is low, it has 
a dramatic impact on the treatment of the patient.  

   Although local anesthesia can be used to anesthetize the larynx for 
some surgical procedures, the vast majority of surgical cases are 
performed under general anesthesia. While a complete discussion 
of surgical anesthesia is beyond the scope of this text, it is useful to 
understand a few basic principles, especially when considering 
laryngeal surgery. It is critical to maintain a patent airway and pre-
serve ventilation to the lungs. This is most commonly performed 
using a fl exible tube (endotracheal tube) passed through the nose 
or mouth and through the vocal folds into the trachea. This tube 
often impairs visualization of the larynx, making it diffi cult or 
impossible to perform delicate surgery on the larynx. Use of smaller 
endotracheal tubes can improve visualization of critical structures. 
Alternatively, removal of the tube for short periods of time can be 
performed [ 23 ]. A third technique is to use jet ventilation where a 
small diameter tube is placed either above or below the vocal folds, 
and high velocity oxygen is blown into the lungs to provide venti-
lation [ 23 ]. These techniques require close cooperation with the 
 anesthesiologist   to ensure adequate ventilation and prevent cata-
strophic complications.  

   The majority of diagnostic nasal endoscopies and minor proce-
dures can be performed in the offi ce setting. More invasive surgical 
procedures or examinations in patients who cannot tolerate offi ce 
endoscopy (e.g., young children) require a trip to the operating 
room to provide adequate anesthesia, instrumentation, and con-
trol of analgesia and hemorrhage. Advances in endoscope design 
and instrumentation have revolutionized surgery of the paranasal 
sinuses and skull base [ 24 ]. Surgical procedures have advanced 
from control of nasal hemorrhage and endoscopic drainage of the 
sinuses to advanced skull base approaches to the anterior and mid-
dle cranial fossae [ 24 ]. As discussed earlier, there are several endo-
scopes available in a variety of differing diameters and angles in 
order to provide the best visualization.  

   The oropharynx can be visualized well with offi ce endoscopy, as 
discussed previously. Invasive procedures that will cause pain, gag-
ging, or bleeding are treated in the operating room but do not 
require endoscopes for visualization of these structures.  

  Anesthesia   
for Surgical 
 Endoscopy  

  Nasal Cavity 
and Nasopharynx  

  Oropharynx     
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   While many laryngeal procedures are successfully performed in the 
properly equipped offi ce setting, most still require a trip to the 
operating room with sedation or general anesthesia. The operative 
laryngoscope is a bladed, rigid tube that is inserted through the 
mouth and into the pharynx to expose the larynx and hypopharynx 
for direct, line-of-sight view. A fi ber-optic light carrier placed 
within the laryngoscope provides illumination. The laryngoscope 
can be suspended to fi x the operative fi eld and free the surgeon to 
work with both hands for operative manipulation (suspension 
laryngoscopy) (see Fig.  6a, b ). A variety of laryngoscopes have been 
designed to meet the variability in patient anatomy and differing 
exposures required for various surgical procedures. They have in 
common increased diameter of the barrel to allow insertion of tele-
scopes and surgical instruments and allow binocular microscopic 
visualization of anatomy beyond the lumen of the endoscope. 
Suspension laryngoscopy can also be performed in conjunction 
with a microscope or rigid telescope (microdirect laryngoscopy). 
The ability to suspend or fi x the laryngoscope and obtain a magni-
fi ed view affords the surgeon the ability to clearly visualize the fi ne 
structures of the larynx and manipulate the tissues with instru-
ments in both hands to perform precise surgical maneuvers or 
deliver laser energy to the larynx.

      Rigid bronchoscopy is used to visualize the lower airways. A rigid 
bronchoscope is an elongated metal pipe of variable diameter with 
length of up to approximately 40 cm with capability for passing 

  Larynx 
and Hypopharynx  

  Lower Airway  

  Fig. 6     Suspension laryngoscopy  . Two viewpoints of a patient undergoing suspension laryngoscopy in the 
operating room: ( a ) oblique view and ( b ) top view (surgeon’s view). The laryngoscope is fi xed by an external 
structure, so the surgeon is free to operate with both hands. The patient also has an endotracheal (breathing) 
tube in place to maintain oxygenation throughout the procedure       
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instruments and suction, direct visualization, ventilation of the 
airway, and passage of rigid telescopes. It is placed transorally in a 
patient under general anesthesia [ 17 ,  25 ]. Rigid bronchoscopes 
can accommodate a variety of telescopes with viewing angles of 
0°–180° for visualization of the various bronchial passages to the 
upper and lower lobes of the lungs. While fl exible bronchoscopy 
has limited the indications for its rigid counterpart, rigid bronchos-
copy is necessary when larger instruments must be used, as in the 
cases of foreign body removal, placement of airway stents, and 
control of brisk hemorrhage from the trachea or bronchi.  

   Rigid esophagoscopy is almost always performed in the operating 
room on patients under general anesthesia, although historically it 
was often performed in the awake patient. The rigid esophago-
scope, like the rigid bronchoscope, must be inserted transorally. 
While TNE is useful for diagnostic and limited therapeutic proce-
dures, rigid endoscopy is required for more advanced or diffi cult 
procedures such as foreign body removal, management of a diffi -
cult  airway  , or control of a bleeding tumor.   

   Adjuncts to Endoscopy 

   Standard optical examination and video recording can evaluate the 
opening and closing of the vocal folds, as well as the presence of 
gross lesions. However, more nuanced pathology must be 
addressed by looking at the vibration of the vocal folds. The vocal 
folds normally vibrate in a periodic, sine wave pattern, between 
100 and 1000 cycles per second (Hz) (with normal speech produc-
tion centered around 100–200 Hz), which is far too rapid for the 
human eye to discriminate [ 26 ]. The stroboscope produces very 
bright and very short bursts of light synchronized with the fre-
quency of vocal fold vibration. This produces a stop action or slow 
motion view of the vibratory cycle of the vocal fold [ 16 ]. The light 
pulses from the stroboscope can be delivered through rigid or fl ex-
ible telescope systems. Stroboscopy provides high-quality imaging 
of the vibratory dynamics of the laryngeal mucosa. It can provide 
information about vocal fold vibration patterns and mucosal pli-
ability, identify subtle mucosal or submucosal lesions, and evaluate 
the lesions’ impact on vocal fold vibration [ 16 ]. Although fl exible 
stroboscopy is possible and used in patients who cannot tolerate 
insertion of a rigid telescope, the image quality is markedly inferior 
unless a distal chip endoscope is used.  

   While stroboscopy is a powerful tool for analyzing vocal distur-
bances and can often provide an accurate diagnosis, a small propor-
tion of laryngeal disorders have irregular or aperiodic vibratory 
function not captured by stroboscopy. High-speed cinematography 

  Esophagus     

  Stroboscopy     

 High-Speed Digital 
 Imaging  
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has been used as a research tool to photograph the larynx with 
speeds of 2000–4000 (and higher) frames per second [ 16 ]. This is 
a very expensive technique available in only a few research labora-
tories. This allows the physician to see vocal fold vibration patterns 
regardless of their length and allows the examiner to analyze the 
onset and offset of phonation, vibration in surrounding structures 
(e.g., ventricular folds), intermittent vibration breaks, and differ-
ences in the frequency of vibration along different portions of the 
same vocal fold [ 27 – 30 ].  High-speed digital imaging (HSDI)      is 
only available using rigid endoscopes because fl exible endoscopes 
cannot provide enough light to capture images that are bright or 
clear enough [ 16 ]. However, challenges with  HSDI   exist as well. 
Because so much data is captured, currently available systems can 
only record for 2–4 s at a time, depending on image capture rate 
and image size [ 16 ]. Even this short duration of recording neces-
sitates prolonged software processing time to save the images digi-
tally. Additionally, the spatial resolution is inferior to that of 
stroboscopy, and there is no capability for synchronized audio 
playback. The fi nancial cost of an HSDI system is still beyond the 
budgets of most clinical practices. Finally, there are not yet stan-
dard parameters for normal or pathologic observation of real-time 
vocal fold vibration [ 16 ], which limits the clinical utility of HSDI 
at the present time.  

    Narrow band imaging (NBI)      is a new endoscopic imaging technique 
that takes advantage of the differential absorption characteristics of 
tissue to allow for the detailed analysis of mucosal and vascular struc-
tures [ 16 ]. NBI uses mechanical light-filtering technology to pass 
only blue and green wavelengths of light. Hemoglobin’s peak light 
absorption occurs at these blue and green wavelengths, making 
blood vessels appear very dark, which creates sharper contrast for 
better visualization of fine mucosal details [ 31 ]. 

 NBI was originally developed for identifying Barrett’s esopha-
gus, a condition in which the normal stratifi ed squamous epithelial 
lining of the esophagus is replaced with the simple columnar epi-
thelium found elsewhere in the lower digestive tract (40). The 
condition is strongly associated with esophageal adenocarcinoma. 
NBI is now being used in research settings to determine its utility 
for lesions of the head and neck [ 27 ,  31 ].  

   Oral cavity cancer is a signifi cant health problem, with an incidence 
of around 500,000 new cases per year worldwide [ 28 ]. Most of 
these lesions are not diagnosed until symptomatic, which generally 
corresponds to late-stage disease and poor survival [ 30 ]. The cur-
rent standard of care for oral cavity cancer screening is visual 
inspection under white light and palpation; however, successful 
identifi cation is dependent on examiner experience [ 30 ]. Recently, 
new methods have been developed as more objective screening 

 Narrow Band  Imaging  

  Tissue Fluorescence 
and Refl ectance  
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tools for oral cavity cancer, which rely on autofl uorescence and 
refl ectance of tissue. Oral cavity tissues contain fl uorophores which 
absorb UV photons and emit longer wavelength photons, which 
can be visualized as fl uorescence [ 30 ]. Neoplastic tissues have 
fewer fl uorophores, leading to less fl uorescence [ 30 ]. The 
VELscope System (LED Medical Diagnostics, Inc) and Identafi  
3000 (Trimira) are two examples of devices developed to capitalize 
on these tissue properties [ 29 ]. Unfortunately, although FDA 
approved, these devices have not signifi cantly improved the diag-
nosis of oral cavity cancer. One study found that the Identafi  3000 
had lower specifi city for disease detection than standard white light 
examination [ 30 ].   

   Conclusion 

 Since the origin of endoscopy, exceptional progress has been made 
in visualization of the interior architecture of the head and neck. 
The convergence of improvements in lighting, optics, mechanical 
instrumentation, and miniaturization has revolutionized, and still 
continues to advance, our ability to see and manipulate tissues in 
the upper airway and digestive tract. While rigid endoscopy is still 
the gold standard for image production, fl exible endoscopy has 
become an important part of outpatient diagnosis and interven-
tions. As technology advances, adjuncts are made to endoscopy to 
improve visualization and diagnostic capabilities even further. 
Endoscopy is now a mainstay of every otolaryngologist’s clinic 
and operating room and will remain a permanent fi xture for many 
years to come.     
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    Chapter 2   

 Laser Interventions for Early Cancer in the Upper 
Aerodigestive Tract                     

     Christopher     M.     Bingcang      and     Sunil     Verma       

       Introduction 

 The glottis is a unique subsite of the  aerodigestive   tract where cancer 
often presents early. A small lesion of the vocal fold often causes a 
marked change in an individual’s voice, leading to the discovery of 
early glottic cancer. Further, the glottis is a unique subsite of head 
and neck cancer as its  lymphatic drainage   is sparse. This combina-
tion of factors causes a large number of glottic cancers to present 
early without spread to adjacent lymph nodes. 

 Due to this unique presentation of early glottic cancer, 
diverse treatment methods have been developed. Historically 
treatments have been in the form of open transcervical surgery, 
endoscopic transoral  surgery   using cold steel instrumentation, 
and external beam radiation therapy. However, the introduction 
of lasers to the management of early glottic cancer has revolu-
tionized management of this disease. Lasers offer unique bene-
fi ts in terms of accurate ability to cut and simultaneously 
 coagulate tissue  . 

 The challenge in surgically treating  laryngeal cancer   is that 
there is little space to work and stray damage can result in loss of 
function. Lasers have been used to increase accuracy of surgery in 
a confi ned space. Other advantages of  lasers   include decreased 
postoperative edema and the ability to seal small blood vessels and 
lymphatics thereby minimizing potential metastatic spread [ 1 ]. 

 The laser has revolutionized the way in which early glottic 
carcinoma is treated. Prior to the widespread use of the laser, 
patients with early glottic carcinoma would require open transcer-
vical surgery with laryngofi ssure and cordectomy, or endoscopic 
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cold steel- assisted resection, which was fraught with decreased vis-
ibility due to the propensity of the tissue to bleed. In the mid-
twentieth century,  radiation therapy   became an option for treating 
patients with laryngeal cancer, but this has been associated with 
higher cost, as well as acute and late side effects of radiation [ 2 ]. 
Additionally, patients that live far away from a city that has radia-
tion therapy centers can ill afford to make the daily travel to the 
center over the required 7 weeks. As the laser became more avail-
able and affordable, patients now have another excellent option for 
treatment for their laryngeal cancer. Understanding the role of 
lasers and the challenges in the use of  lasers   may help engineers to 
design improved lasers that could increase effi cacy of treatment, 
decrease complications of treatment, decrease costs, and increase 
availability of technology.  

   Defi nition of Early Laryngeal Cancer 

 Laryngeal cancer is prevalent worldwide, and in the United Stated 
is expected to affect over 12,000 new persons in 2014, while 3600 
people with laryngeal cancer are expected to die in 2014 [ 3 ]. An 
estimated 3400 new cases of  hypopharyngeal cancer   will develop 
in 2014. Of laryngeal cancer, 60 % will affect the glottis, 35 % will 
affect the supraglottis, and the remaining 5 % will affect the 
subglottis. 

 The most common type of malignancy that presents in the 
larynx is  squamous cell carcinoma  , and the discussion of this chapter 
will focus on management of this disease. Tables  1  and  2  show the 
American Joint Committee on Cancer staging of  supraglottic and 
glottic cancer  , recently updated in 2010 [ 4 ].  T1a lesions   may 
involve the superfi cial lamina propria layer, vocal ligament, or voca-
lis muscle of one vocal fold. Both surgical and radiation treatment  
create defects or scarring that adversely affect normal laryngeal 
function, namely, voice and swallow. As the depth of invasion 
increases, surgical resection creates glottic incompetence with 
resulting dysphonia [ 5 ].

    The unique challenge with management of glottic malignan-
cies is maintenance of vocal fold microstructure. Hirano’s seminal 
description of the  cover-body model   of phonation led to further 
understanding about relation of depth of invasion and vocal out-
comes [ 6 ,  7 ]. The goal for  treatment   is the removal of all  cancerous 
tissue with a small margin of normal tissue, while preserving maxi-
mal normal tissue to optimize vocal function. The laser, with its 
ability to remove submillimeter segments of tissue, allows the sur-
geon the precision to balance the complete removal of  cancerous 
tissue while avoiding removing excess noncancerous tissue that 
could adversely affect the functions of the larynx. 
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23

 As long as the  contralateral vocal fold   is without signifi cant 
disease, then vocal function will be largely preserved if glottic clo-
sure is complete [ 8 ]. For this reason, T1b lesions and lesions of the 
anterior commissure create defects in the contralateral vocal fold 
that result in signifi cantly decreased vocal function. T2 lesions 

   Table 1 
   Primary tumor (T)     

 TX  Primary tumor cannot be assessed 

 T0  No evidence of primary tumor 

 Tis  Carcinoma in situ 

  Supraglottis  
 T1  Tumor limited to one subsite of supraglottis with normal vocal cord mobility 

 T2  Tumor invades mucosa of more than one adjacent subsite of supraglottis or glottis or region 
outside the supraglottis (e.g., mucosa of base of tongue, vallecula, medial wall of pyriform 
sinus) without fi xation of the larynx 

 T3  Tumor limited to larynx with vocal cord fi xation and/or invades any of the following: 
postcricoid area, preepiglottic space, paraglottic space, and/or inner cortex of thyroid 
cartilage 

 T4a  Moderately advanced local disease 

 Tumor invades through the thyroid cartilage and/or invades tissues beyond the larynx (e.g., 
trachea, soft tissues of neck including deep extrinsic muscle of the tongue, strap muscles, 
thyroid, or esophagus) 

 T4b  Very advanced local disease 
 Tumor invades prevertebral space, encases carotid artery, or invades mediastinal structures 

  Glottis  
 T1  Tumor limited to the vocal cord(s) (may involve anterior or posterior commissure) with normal 

mobility 

 T1a  Tumor limited to one vocal cord 

 T1b  Tumor involves both vocal cords 

 T2  Tumor extends to supraglottis and/or subglottis and/or with impaired vocal cord mobility 

 T3  Tumor limited to the larynx with vocal cord fi xation and/or invasion of paraglottic space and/or 
inner cortex of the thyroid cartilage 

 T4a  Moderately advanced local disease 

 Tumor invades through the outer cortex of the thyroid cartilage and/or invades tissues beyond 
the larynx (e.g., trachea, soft tissues of neck including deep extrinsic muscle of the tongue, 
strap muscles, thyroid, or esophagus) 

 T4b  Very advanced local disease 
 Tumor invades prevertebral space, encases carotid artery, or invades mediastinal structures 

  Nodal and distant metastatic staging have been omitted as early laryngeal cancer features neither nodal nor distant 
metastasis  

Laser Interventions for Early Cancer in the Upper Aerodigestive Tract
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likewise require deeper resections thereby causing larger glottic 
gaps. The surgeon must counsel the patient regarding these effects 
as goals for treatment are discussed.  

   Mechanisms of Lasers Used in Laryngeal Cancer 

 Two lasers have been described to commonly manage laryngeal 
cancer: carbon dioxide (CO2)    and  potassium titanyl phosphate 
(KTP)  . The fi rst description of the carbon dioxide laser in laryn-
geal surgery was in 1972 when Jako and Strong treated benign 
and premalignant laryngeal lesions [ 9 ]. In 1975, Strong described 
the use of the  CO2 laser   for excising carcinoma [ 10 ]. To date the 
carbon dioxide laser is the most commonly used laser for excision 
of glottic cancer. The carbon dioxide laser, with its 10,600 nm 
wavelength, is preferentially absorbed by water. Traditionally car-
bon dioxide laser beam is delivered into the larynx during direct 
microlaryngoscopy using a micromanipulator to target the tissues 
of interest. The laser spot size can be focused to 250 μm with 
recent technological advances [ 11 ], and a very precise cut may be 
made with this laser while decreasing thermal injury to surround-
ing tissue. This precision is critical in the larynx where 

   Table 2 
   Anatomic stage/prognostic groups     

 Stage  T  N  M 

 0  Tis  N0  M0 

 I  T1  N0  M0 

 II  T2  N0  M0 

 III  T3  N0  M0 
 T1  N1  M0 
 T2  N1  M0 
 T3  N1  M0 

 IVA  T4a  N0  M0 
 T4a  N1  M0 
 T1  N2  M0 
 T2  N2  M0 
 T3  N2  M0 
 T4a  N2  M0 

 IVB  T4b  Any N  M0 
 Any T  N3  M0 

 IVC  Any T  Any N  M1 
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preservation of tissues leads to dramatic improvement in voice 
after surgery. 

 Recently, a hollow fi ber has been developed that delivers the 
energy from the carbon dioxide laser. (currently manufactured by 
OmniGuide and Clinicon). The fi ber consists of a hollow-core 
tube surrounded by a dielectric mirror, which allows the use of 
CO2 either within a fl exible endoscope or delivered through a 
handpiece. The fi ber-based delivery permitted improved angula-
tions for tangential surfaces that were diffi cult for line-of-site 
lasers [ 12 ]. 

 The 532 nm  KTP laser   is the other laser commonly used to 
treat early glottic cancer. This differs from the carbon dioxide laser 
in that its energy is transmitted through a glass fi ber. Additionally, 
the energy from this laser is preferentially absorbed by oxyhemo-
globin. This also preferentially targets hypervascular lesions [ 13 ], 
which includes cancerous lesions [ 14 ]. It also may result in 
improved hemostasis over CO2 laser due to preferential absorp-
tion and destruction of the target lesion’s supporting microvascu-
lature. Unlike the CO2 laser, the KTP laser has only recently seen 
use for treating glottic cancer. Initially it was used in the larynx for 
benign disease [ 13 ,  15 ,  16 ]. In 2008, Zeitels and colleagues 
described the use of the potassium titanyl phosphate laser (KTP)    to 
treat carcinoma [ 14 ]. Table  3  summarizes key KTP laser character-
istics compared to other lasers used in excising laryngeal 
carcinoma.

      Surgical Technique 

 Before undergoing surgery, patients must be counseled with a 
thorough discussion of surgery and its alternatives. The surgeon 
must be able to counsel patients regarding the cure rates, the treat-
ment effects on voice and swallow, and treatment complications. 
Patients must also have the cardiopulmonary reserve to handle the 
risks of general  anesthesia  . Finally, the surgeon must be able to 

   Table 3 
  Summary of  lasers   used to treat laryngeal cancer   

 Laser  Wavelength  Chromophore  Delivery 

 KTP  532 nm  Oxyhemoglobin  0.4 and 0.6 mm fi ber optic 

 CO2  10,600 nm  Water  (1) 1.2 mm hollow core with 
dielectric mirror (photonic 
band-gap fi ber) 

 (2) Line-of-site/micromanipulator 
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adequately expose the larynx with the laryngoscope and be pre-
pared to perform an open resection if the larynx cannot be exposed 
endoscopically.  Mandibular anatomic problems  , such as retrogna-
thia, enlarged tori, trismus, or problems with neck extension may 
prevent placement of the laryngoscope, thus requiring patients to 
undergo transcervical surgery or radiation instead. 

 Intraoperatively, the surgeon must take precautions to avoid 
potential fi re. Flammable gases and potential fuel sources such as 
the  endotracheal tube   are within the line of site of the laser. First, 
the door to the room is closed and signage to alert potential incom-
ers of laser use is placed on the door. Personnel in the room are 
distributed with appropriate laser-safe eyewear. Each laser has spe-
cifi c protective eyewear that fi lters the corresponding wavelength 
of light, and therefore eyewear for different lasers should not be 
used. A laser-resistant endotracheal tube is used in the patient. 
Because the tip of the  endotracheal tube   is susceptible to laser fi re, 
it should be covered with saline-soaked cottonoid pledgets.  Suction   
is used to evacuate laser plume, which allows improved visualiza-
tion and decreases toxic and carcinogenic fumes that may inadver-
tently be inhaled by operating room personnel. The anesthesiologist 
must reduce use of fl ammable gases and decrease the percentage of 
supplementary oxygen below 30 %. Finally, the patient’s face is 
covered in saline-soaked towels, and OR staff should always be at 
the ready to immediately douse any fl ames that start. 

   The patient is placed under general anesthesia and is intubated 
with a laser-safe endotracheal tube. A tooth guard is used to pro-
tect the upper dentition, and a laryngoscope placed through the 
oral cavity and positioned to fully expose the endolarynx and the 
lesion. The largest laryngoscope that fi ts within the patient’s oral 
cavity and oropharynx should be used in order to permit wide bin-
ocular visualization. Univalve or bivalve laryngoscopes may be 
used. Regardless of the choice, the anterior commissure must be 
exposed; laryngoscopes such as the Storz Triangle laryngoscope or 
the Endocraft Zeitels Universal Modular Glottiscope permit excel-
lent anterior commissure exposure. The laryngoscope is placed on 
fulcrum or gallows suspension to allow bimanual technique. The 
binocular microscope is used for magnifi cation and allowing depth 
perception. Laser safety precautions are followed as previously dis-
cussed. In many cases, the vestibular fold may be resected to opti-
mize exposure for surgery as well as for future cancer surveillance 
[ 17 ]. Saline with epinephrine is injected into the superfi cial lamina 
propria to provide vasoconstriction, hydrodissection, and to estab-
lish depth of tumor invasion; it also acts as a heat sink to decrease 
thermal damage to noncancerous tissue [ 18 ]. Laser-assisted resection 
of the cancer may then be performed by one of several techniques. 
Three methods will be described. 

 The extent of resection has been classifi ed by the European 
Laryngological Society [ 19 ]. Such a classifi cation has been developed 

  Endoscopic Laser 
Resection   of Early 
Glottic Carcinoma
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in order to help better relate extent of resection to outcomes. Table  4  
shows ELS type for depth of excision. The type of resection is deter-
mined postoperatively rather than as preoperative plan. The fi rst 
three types describe successive layers. Type I is performed during an 
excisional subepithelial  resection  , whose biopsy reveals carcinoma in 
situ and thus deeper resection is not needed. Types III and IV 
include cordectomies for carcinomas that invade the superfi cial 
lamina propria and the vocalis ligament, respectively; these may be 
T1 or T2 carcinomas, but spare the contralateral vocal fold.

      The CO2 laser has been traditionally used for performing a  laser- 
assisted endoscopic partial cordectomy technique   as described by 
Strong [ 10 ], Eckel and Thumfart [ 20 ], and Ossoff et al. [ 5 ]. Once 
laryngeal exposure is achieved, the lesion is grasped by the surgeon 
with forceps in one hand while the other hand operates the micro-
manipulator. Retraction forces are placed on the lesion while the 
laser is fi red around the margins of the lesion. The margin is  initially 
outlined superfi cially and is continued into deeper planes layer by 
layer. The lesion is excised en bloc down to the vocalis muscle or 
deeper if the lesion is larger. Once the lesion is excised, small speci-
mens are removed from the periphery and deep layers to be sent 
for frozen section. Any positive margins may thus be treated by 
additional laser resection. During the procedure, any excessive 
hemorrhage may be treated by a defocused beam. Rarely does 
laryngeal edema from surgery result in airway obstruction, and 
therefore the patient in most cases can be extubated immediately 
after surgery.  

   Although oncologically successful, en bloc resection may increase 
the risk of excising excessively large margins, thereby resulting in 
worse vocal outcomes. Steiner described a  piecemeal resection 
method      that excised the lesion in successive fashion, allowing the 

 Partial Cordectomy: 
En Bloc Resection

 Partial Cordectomy- 
Piecemeal Resection

   Table 4 
  Endoscopic cordectomy: classifi cation by  European laryngological society     

 Subepithelial cordectomy  Type I 

 Subligamental cordectomy  Type II 

 Transmuscular cordectomy  Type III 

 Total or complete cordectomy  Type IV 

 Extended cordectomy encompassing 

 Contralateral fold  Type IVa 

 Arytenoids  Type IVb 

 Ventricular fold  Type IVc 

 Subglottis  Type IVd 
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surgeon to preserve as much normal tissue as possible [ 21 ,  22 ]. 
The tumor is bisected, which allows accurate assessment of depth 
of tumor. The technique demands maintaining correct orientation 
of the specimen as well as having excellent surgical pathology that 
can accurately assess frozen sections. Performed correctly, the sur-
geon is able to avoid excising excessive noncancerous tissue, while 
 preserving   adequate margins.  

   The photoangiolytic  lasers   such as KTP and PDL have recently 
begun to be used to treat carcinomas. This technique was initially 
described by Zeitels et al. in 2008 [ 14 ]. His group used the KTP 
and PDL to treat 13 T1 and 9 T2 lesions and at the time of the 
report, none of the patients had recurrence of cancer. Rather than 
excising the lesion en bloc, the surgeon ablates the lesion with a 
3 mm peripheral margin layer by layer until normal tissue is reached. 
This technique takes advantage of the increased density of vascu-
larity of cancerous lesions, as the energy from the photoangiolytic 
lasers is preferentially absorbed by blood vessels. Success of this 
operation is predicated on the surgeon’s ability to recognize the 
interface between cancerous and normal tissue, which can be chal-
lenging. Depth and width of treatment are thus determined by the 
exact interface with normal tissue, which is progressively seen as 
each layer is ablated. This results in avoidance of removing exces-
sive normal tissue and thus optimizes vocal function. Intraoperative 
frozen histopathologic sections are obtained at the periphery as 
well at the deep margins to confi rm complete treatment.  

   Frozen sections are essential for determining extent of resection, 
while preserving noncancerous tissue. In the past, there has been 
concern that the thermal effect of the laser on tissue decreases the 
reliability of frozen section. However, Remacle et al. retrospec-
tively reviewed multiple patients undergoing endoscopic CO2 
laser cordectomies for T1 through T3 glottic cancers [ 23 ]. This 
group found that frozen sections were concordant with permanent 
sections in nearly 95 % of cases.  

   Early supraglottic carcinoma may also be resected with endoscopic 
approach and laser. Laser resection for supraglottic cancer was fi rst 
reported by Vaughan in 1978 [ 24 ]. Zeitels et al. reported on a 
series of 45 patients who had T1 to T3 lesions of the supraglottic 
larynx or posterior pharyngeal wall without any neck disease [ 25 ]. 
T1 and smaller T2 tumors were easily resected with negative intra-
operative margins and did not undergo radiotherapy, and only one 
patient had developed a neck recurrence, subsequently undergoing 
neck dissection and postoperative radiation. The 23 patients with 
larger tumors all received postoperative radiation, and despite this, 
four patients had recurrence, eventually requiring total laryngec-
tomy, and a total of four patients died from their disease. This study 

  Photoangiolytic Laser 
Cordectomy  

 Importance 
of  Intraoperative 
Frozen Sections     

 Endoscopic Laser 
Resection 
of  Supraglottic 
Carcinoma     
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as well as early works by Rudert [ 26 ], Eckel [ 27 ], Steiner [ 28 ], and 
Davis [ 29 ] has established endoscopic laser resection for supraglot-
tic carcinoma as a viable option for selected patients. Because of 
the propensity of epiglottic lesions to spread to the preepiglottic 
space, especially with infrahyoid epiglottic lesions, this space must be 
resected as well. In fact, Zeitels’ group did not perform endoscopic 
resection at all if this space was involved [ 25 ].   

   Complications of  Endoscopic Laser Surgery   

 Complications directly related to use of the laser are rare, but poten-
tially devastating. Healy et al. described nine complications in 4416 
CO2 laser cases of the aerodigestive tract for a rate of 0.2 % [ 30 ]. 
Six of these complications were fi res, and of these four were fi res 
from ignition of the endotracheal tubes that were not laser pro-
tected. Two complications were due to excessive bleeding from 
bronchial tumors. One complication resulted in a facial burn from 
an overheated rigid bronchoscope resting on a patient’s cheek. 
Other potential complications related to endoscopic resection are 
granuloma from exposed cartilage or char left after the operation. 
 Chondritis   may also develop from exposed cartilage and may be pre-
vented by perioperative antibiotics and steroids. Hemorrhage should 
be controlled by a return to the operating room and defocused beam 
or electrocautery to site of bleeding.  

   Outcomes of Endoscopic Laser Surgery 

   Early studies contrasting radiation versus surgery for early glottic 
carcinoma found that although disease control was similar, voice 
quality was signifi cantly worse for surgical resection [ 31 – 33 ]. A 
meta-analysis by Higgins et al. of 7600 patients with early glottic 
cancer showed a trend for better voice quality with radiation over 
endoscopic laser surgery. In contrast, some recent studies suggest 
that voice outcomes after endoscopic laser surgery for glottic carci-
noma are no worse than radiation therapy [ 34 ,  35 ]. One study 
found that voice was better with endoscopic laser surgery, but 
patients undergoing surgery were selected due to a more superfi cial 
involvement of the tumor, and therefore only required either ELS 
type I or type II cordectomy [ 36 ]. Indeed, while ELS type I and II 
resections showed better voice compared to radiation, ELS type III 
and type IV, sub-ligamentous and submuscular resections, had sig-
nifi cantly worse voices compared to radiation [ 32 ]. This suggests 
that depth of invasion and deeper resection worsens voice quality. 
Additionally signifi cant worsening was noted when the anterior 
commissure was involved [ 34 ,  37 ].  

 Voice Quality with 
Endoscopic Laser 
Surgery versus 
Radiation  Therapy     
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   Surgeons must guide patients deciding between radiation and 
surgery for early glottic carcinoma as both modalities have been 
shown to be essentially equivalent in terms of disease control 
[ 2 ,  38 – 41 ]. The most important factors to consider in determining 
modality of treatment are effi cacy of removing disease, maintenance 
of voice and quality of life, and costs of care. Disease control as well 
as overall survival is established to be high for early glottic carci-
noma. Lucioni and colleagues found that overall survival was 90 %, 
and when excluding mortality not related to laryngeal carcinoma, 
disease-free survival was 98.8 % [ 42 ]. Indeed most studies performed 
to date support that endoscopic laser resection of early glottic carci-
noma is equivalent and in some cases superior to radiation therapy 
regarding control of disease. Remmelts et al. found that 5-year 
laryngeal preservation for T1 glottic cancers treated with laser was 
93 %, which was statistically signifi cantly better than those treated by 
radiation  therapy   versus 83 % for radiation therapy [ 37 ]. Additionally 
Krengli et al. found that local control over 60 months was 95.6 % 
with endoscopic laser surgery while 91.2 % for radiation therapy 
[ 32 ]. The meta-analysis by Higgins et al. examined local control and 
laryngectomy-free survival in 7600 patients with T1 or T2 glottic 
cancer and found that there was no difference between endoscopic 
laser surgery and radiation therapy, although there was a trend 
toward better survival in endoscopic laser surgery [ 43 ].  

   Several studies in Europe and North America suggest that endo-
scopic laser resection is less costly than radiotherapy for Tis and T1 
cancers. Goor et al. reviewed 89 patients with T1a glottic carci-
noma over 2 years. 35 were treated with 6000 cGy whereas 54 
were treated with endoscopic laser resection. Radiotherapy cost 
8322 euros per case versus 4434 euros per case for surgery. 
Furthermore, disease control and voice quality were not found to 
be different [ 40 ]. Similarly Higgins performed a meta-analysis 
comparing radiotherapy versus endoscopic laser resection for T1 
glottic cancers [ 2 ]. Average costs of radiotherapy were found to be 
$4829 whereas endoscopic laser resection cost $2407.  

   Although not used as extensively as CO2 laser, the KTP laser is 
showing some promise as an excellent tool for treating early glottic 
carcinoma. Murono et al. performed KTP endoscopic KTP laser 
surgery for T1a glottic carcinoma in 24 patients. Tumor was 
excised with KTP laser, followed by circumferential ablation sur-
rounding the surgical margin, and found local control in 22 of the 
24 patients (91.7 %). This is comparable to the local control rate 
noted in the literature [ 44 ]. Additionally voice results were found 
to be excellent as patients had signifi cant improvement from 
pre- to postoperative voice after KTP laser  surgery   in T1 and T2 
glottic carcinomas [ 45 ].   

  Oncologic Effi cacy   
of Endoscopic Laser 
Surgery

 Costs of Endoscopic 
Laser Resection 
Compared to Radiation 
 Therapy  

 Endoscopic  KTP Laser 
Surgery Effi cacy  
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   Summary 

 Laser laryngeal surgery is a powerful tool for management of early 
glottic cancer. Laser surgery may offer patients improved cancer- 
free and voice outcomes as well as cost much less to perform.     
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    Chapter 3   

 Laser Resection of Pharyngeal Cancer                     

     Ameya     A.     Jategaonkar     ,     Alpen     B.     Patel     , and     Michael   L.     Hinni       

       Introduction 

 Transoral laser microsurgery ( TLM)   is a  surgical treatment method   
for primary cancers of the mouth, pharynx, and larynx and offers 
decreased morbidity when compared to traditional open appro-
aches. TLM typically utilizes a carbon dioxide (CO 2 )  laser   for 
resection of tissues. An operating microscope supplies the illumina-
tion and magnifi cation. Access is gained via the natural anatomy of 
the upper aerodigestive tract. TLM differs from open surgery in 
two signifi cant ways: the  tumor block   can be transected into man-
ageable units by the laser (in situ), permitting margin mapping. 
And  healing   is allowed to occur by secondary intention. While this 
“piecemeal” removal of the tumor deviates from the “en bloc” 
principle of conventional oncologic surgery, it adds a diagnostic 
dimension to TLM. 

 It is important to note that TLM is  excision  , not vaporization. 
TLM requires a specimen from which meaningful frozen section 
margins can be obtained. While individual specimens extracted by 
this  piecemeal approach   may be small, in total, their volume is 
comparable to that of an open resection. 

 The name transoral laser microsurgery can be misleading. 
TLM is not wholly transoral. Open surgery may be required for 
neck dissections to treat regional lymph node metastases. 
Furthermore, TLM is not entirely a laser procedure either. 
 Hemostasis   depends on electrocautery and vascular clips; addition-
ally blunt and sharp dissection is regularly employed. Finally, TLM 
is not exclusively surgical.  Radiation therapy (RT)   or  chemoradio-
therapy (CRT)      may be added as adjuvant therapy for advanced 
cancers. 
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 There is a spectrum of disease within otolaryngology that is 
treated with lasers. 

 TLM is a strategy that is typically reserved for the treatment 
of  neoplastic processes  . This chapter focuses on the utilization of 
TLM for the treatment of pharyngeal (specifi cally oropharyngeal) 
cancer.  

   Conventional Approaches and Their Outcomes 

 The  pharynx   can be roughly divided into three components: the 
nasopharynx, oropharynx, and hypopharynx. Malignancies of 
each of these regions are treated somewhat differently given the 
varying regional anatomy. Conventional surgical oncology 
requires  suffi cient access to enable “en bloc” tumor  resection  . 
Access is a challenge in tumors of the oropharynx, particularly the 
distal oropharynx. Here the mandible is the source of greatest 
impediment. Therefore, treatment methods center on getting 
“around” the mandible. Conventional open operations involve 
lip-splits, mandibulotomies, and/or pharyngotomies to gain ade-
quate exposure. While these open operations have yielded satisfac-
tory  oncologic outcomes, the morbidities often result in 
diminished functional results [ 1 ,  2 ]. With modern patients increas-
ingly resistant to such measures, RT and CRT began to emerge as 
alternative primary treatment methods. In a comparison of 
patients receiving  primary radiation vs. primary surgery   (open 
resection) for treatment of base of tongue  squamous cell carci-
noma (SCCA)        , surgical patients had signifi cantly poorer quality of 
life (functional) outcomes. Surgical patients scored signifi cantly 
poorer in their ability to eat in public, have understandable speech, 
and normalcy of diet [ 3 ]. Additionally, work by Parsons et al. had 
a signifi cant impact on the treatment of oropharyngeal cancer. 
Parsons conducted a review of 51 studies reporting on 6400 
patients with oropharyngeal SCCA. The work compared patients 
who were treated with primary surgery (open operations) with or 
without RT or primary RT without neck dissections [ 4 ]. This 
review revealed similar  oncologic results   between the two treat-
ment modalities (5-year cause- specifi c survival rates were statisti-
cally the same). However, the review demonstrated a severe 
complication rate of 23 % in the surgical intervention group versus 
a 6 % complication rate in the radiotherapy group. Ultimately, this 
resulted in a shift in the  treatment of oropharyngeal SCCA away 
from surgery and toward RT. As a result, treatment of most oro-
pharyngeal cancers, particularly locoregionally advanced disease 
(stages III and IV), has fallen within the domain of radiation and 
medical oncology. 

Ameya A. Jategaonkar et al.
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 Surgery, in general, has moved toward  minimally invasive 
methods   over the last several decades. Otolaryngology has been no 
different, and TLM refl ects this new paradigm. Transoral laser 
microsurgery presents an alternative to conventional surgery and 
RT that has excellent oncologic and functional results.  

   Transoral Laser Microsurgery: Functional and Oncologic Outcomes 

 Transoral approaches for the treatment of head and neck  cancers   
have existed for decades [ 5 ]. Lasers have been used in the oropha-
ryngeal and laryngeal surgeries since the 1970s as well [ 6 – 8 ]. 
Nevertheless, surgical treatment of oropharyngeal cancer has been 
hindered most by poor access to the anatomy of the distal orophar-
ynx. As discussed earlier, due to the morbidities of traditional 
  lip- split/mandibulotomy approaches  , much of the world moved 
toward RT and CRT as the preferred primary treatment method. 
Wolfgang Steiner  approached   the issues of accessibility from 
another direction. Steiner is credited with developing the surgical 
technique of TLM. He utilized a distending bivalved laryngoscope 
to provide appropriate exposure of tumors of the inferior orophar-
ynx [ 9 ]. With suffi cient exposure, the tumor can be grasped using 
a tenaculum with one hand and a laser utilized to cut the tumor 
with the other hand. 

 Ultimately TLM and breakthroughs within TLM have 
allowed surgery to be primary treatment for disease that would 
otherwise not have been amenable to surgical interventions [ 10 ]. 
The  magnifi cation and illumination   that is used during TLM 
exceeds that provided by loupes and a headlamp. This allows the 
surgeon to carefully assess normal and abnormal tissues as he or 
she operates and carefully resect the tumor with margins. The 
ability of the surgeon to operate with this precision optimizes the 
preservation of normal anatomy and function. As a result, TLM 
has demonstrated excellent functional outcomes. Cancer and 
subsequent surgery of the pharynx has the potential to result in 
 dysphagia and aspiration  , which can detrimentally affect a 
patient’s quality of life. Thus, preservation of  swallowing func-
tion   is a prominent goal of any treatment modality for head and 
neck cancer [ 11 ]. In early work with TLM for base of tongue 
carcinoma, Steiner reported that 73 % of patients enjoyed undis-
turbed oral intake of all food consistencies. Only 6 % of patients 
had dysphagia that was severe and unimproving and thus resulted 
in  permanent gastronomy tube feeding   [ 10 ]. Several other stud-
ies have demonstrated comparable functional outcomes [ 12 ,  13 ]. 
Grant et al. also utilized TLM as the primary treatment method 
for base of tongue carcinoma. Only 8 % of patients in this study 
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required permanent tube feeding, and all eight patients received 
adjuvant RT [ 14 ]. Overall, Grant et al. reported that the median 
outcome for patients was normal, asymptomatic  swallowing func-
tion  . Rich et al. specifi cally looked at the swallowing function of 
patients following primary TLM (with adjuvant therapy) for 
advanced stage oropharyngeal cancer (stage III or IV). They 
reported 55 % of patients had good swallowing function during 
and consistently after treatment. An additional 32 % had poor 
swallowing function during the course of their treatment, which 
recovered. Ultimately only 8 % of patients who presented with 
advanced oropharyngeal cancer had poor swallowing function 
after treatment [ 15 ]. 

 The oncologic outcomes of TLM have also been excellent. 
Steiner was able to achieve a Kaplan–Meier 5-year local control 
rate of 85 %. Additionally there were no local recurrences in lower 
grade tumors (T1 and T2). The 5-year recurrence-free survival in 
Steiner’s work was 73 % [ 10 ]. Grant et al. in a study of 59 patients 
who received primary TLM for SCCA of the base of tongue 
 (representing all 4 T stages) achieved 5-year Kaplan–Meier local 
control estimates of 90 % [ 14 ]. In a study of 128 patients treated 
with TLM for SCCA of the palatine tonsil, Hinni et al. had a  local 
control rate   of 95.4 %. Moreover, Kaplan–Meier 2-, 5-, and 10-year 
disease-free survival estimates were 96.5 %, 94.5 %, and 94.5 %, 
respectively [ 16 ]. TLM’s effectiveness as the primary treatment 
method for advanced oropharyngeal tumors (T3 and T4) has also 
been demonstrated. In addition to treating larger tumors directly, 
TLM can be done with a  neck dissection   to treat neck metastases. 
TLM can also be coupled with adjuvant RT (or CRT). TLM with 
adjuvant therapy has demonstrated effi cacy in treating locoregion-
ally advanced disease [ 17 ,  18 ]. Haughey et al. studied 214 patients 
with stage III or IV disease. TLM with neck dissection was the 
primary treatment modality. Of these 214, 77 % received adjuvant 
therapy. Ultimately, Haughey et al. achieved 5-year Kaplan–Meier 
overall survival and disease-specifi c survival rates of 78 % and 84 %, 
respectively [ 18 ]. Figures  1 ,  2 ,  3 ,  4 ,  5 , and  6  illustrate a typical 
TLM case. 1 

        Cost considerations are becoming an increasing component of 
the  calculus of healthcare  . A substantial fi nancial investment is 
needed to enable TLM. The institution will incur the costs of train-
ing and equipment. And, TLM adds to the workload of patholo-
gists and cyto-technicians. TLM can also require patients to travel 
since its availability is limited in the United States. Nevertheless, 

1
   These fi gures are of a 51-year-old male who presented with 6 months of left jaw pain and otalgia. He was 

initially diagnosed and treated for temporomandibular joint dysfunction. Subsequently, a dentist noted a 
tonsillar mass and referred the patient to otolaryngology. He underwent a tonsillectomy that failed to 
remove the entire lesion. The patient then presented for evaluation and treatment. 
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despite these additional expenditures, TLM reduces costs consider-
ably [ 19 ,  20 ]. In a study of the costs associated with treatment of 
oropharyngeal cancer, Moore et al. reported that CRT alone is 2.4 
times more costly than transoral surgery with adjuvant RT and 5.29 
times more expensive than surgery alone [ 20 ]. When several treat-
ment options exist that are equivalent in their resultant quality of 
life and oncologic capabilities, costs can and will be considered. 
TLM results in shorter hospital stays and fewer complications.  

  Fig. 1    CT scan of the left-sided T3  oropharyngeal tumor         

  Fig. 2    Left-sided  oropharyngeal tumor   seen intraoperatively, prior to resection       
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   History of Lasers in Otolaryngology 

 The laser began in the microwave spectrum as the MASER 
(Microwave Amplifi cation by Stimulated Emission of Radiation)   . 
Schawlow and Townes proposed that this concept could be trans-
lated into the visible spectrum [ 21 ]. Theodore Maiman utilized a 
ruby to do just this when he constructed the fi rst laser in 1960 

  Fig. 3    Tumor shown intraoperatively during resection.  Vascular clips   used for 
hemostasis also seen       

  Fig. 4    Defect following TLM for left oropharyngeal squamous cell  carcinoma         
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[ 22 ]. Lasers quickly found their way into the medical fi eld. Ritter, 
Campbell, and Koester did early work, utilizing a ruby laser for 
photocoagulation in retinal surgeries [ 23 ,  24 ]. McGuff et al. 
ablated atherosclerotic plaques with the same ruby laser [ 25 ]. As 
lasers continued to evolve, their applications grew more varied, 
including within otolaryngology. 

 Lasers have varied impacts on tissues. The laser radiation can 
be absorbed, refl ected, scattered, or transmitted. The surgically 
 relevant interactions of lasers are mediated by absorption. The 

  Fig. 5    Defect shown  healing   by secondary intention with granulation tissue 2 
weeks after TLM       

  Fig. 6    Healed defect  site  , 1 year after resection       
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interactions between lasers and tissues are largely determined by 
the wavelength of a given laser. As a result, the surgeon should 
account for the properties that are unique to each wavelength. 
This will enable the surgeon to optimize the effi cacy of the laser 
while minimizing morbidity. Some of the more commonly used 
lasers in otolaryngology are discussed here. 

   The Argon (Ar) laser produces light at various wavelengths. The 
most commonly used wavelengths are 488 and 514 nm. The 
extinction length of the Argon laser in water is very lengthy, and 
water only poorly absorbs argon laser radiation. However, Argon 
lasers are absorbed well by pigmented tissue. These properties lend 
the argon laser to utilization in the treatment of pigmented lesions 
such as port wine stains or tattoo removal. Among the various uses 
within otolaryngology, the argon laser has been shown to be effec-
tive in patients with otosclerosis undergoing stapedotomy [ 26 ].  

   The Neodymium–Yttrium Aluminum Garnet (Nd:YAG) laser 
 utilizes a Yttrium Aluminum garnet that has been doped with 
Neodymium (Nd), i.e., some of the Yttrium ions have been 
replaced by Nd. This has a wavelength of 1064 nm and an extinc-
tion length of 40 mm. The absorbance of an Nd:YAG laser varies 
based on the color of the tissue/substance. Water only weakly 
absorbs this 1064 nm laser. The Nd:YAG laser exhibits notable 
scattering within biological tissues. As a result, the Nd:YAG laser 
produces a zone of damage that extends 4 mm laterally and deep 
from the point of laser contact. This wider zone makes particularly 
fi ne and precise operation diffi cult with the Nd:YAG laser, particu-
larly if the laser is operated continuously (as opposed to pulsed). 
This laser is used in otolaryngology predominantly in the ablation 
of obstructive lesions of the tracheobronchial tree and esophagus 
and in the treatment of vascular malformations. The Nd:YAG 
laser’s deeper zone of thermal and coagulative damage gives the 
operator more reliable hemorrhage  management   than some other 
lasers.  

   Potassium titanyl phosphate (KTP) lasers are modifi ed Nd:YAG 
lasers. KTP is used as a frequency doubling diode in a Nd:YAG 
laser. The resultant laser radiation, with its frequency doubled, has 
a wavelength of 532 nm. Due to the similar wavelengths, a KTP 
laser exhibits properties similar to those of an Argon laser. However, 
the 532 nm radiation of the KTP laser is strongly absorbed by oxy-
hemoglobin. The result is secure hemorrhage management during 
an operation. When coupled with endoscopes and fl exible probes, 
the KTP laser has many utilities within otolaryngology. The KTP 
laser is used in the treatment of various sinus and tracheal lesions 
ranging from papillomas and dysplasia to head and neck cancer. 
This laser is used in an operative and offi ce setting [ 27 – 29 ].  

  Argon Laser  

 Neodymium–Yttrium 
Aluminum Garnet 
 Laser  

 Potassium Titanyl 
Phosphate  Laser  
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   Carbon dioxide (CO 2 ) as the gain medium produces a laser with a 
wavelength of 10.6 μm (10,600 nm). This places the radiation 
within the infrared (invisible) region of the electromagnetic spec-
trum. In clinical settings, this laser is coupled with a helium neon 
laser that has a wavelength within the visible (red) spectrum. This 
coaxial helium neon laser guides the surgeon. The 10,600 nm radi-
ation is strongly absorbed by water. The CO 2  laser has an extinc-
tion length less than 0.05 mm in soft tissues and exhibits minimal 
scattering. The interaction between the laser and tissues produces 
a characteristic wound with a region of vaporization and thermal 
necrosis that is 100 μm wide. Therefore, the CO 2  laser cuts with 
minimal collateral tissue damage and the surgeon can use the CO 2  
laser to precisely cut tissues. When coupled with a fl exible fi ber, the 
CO 2  laser becomes handheld and can be used at angles, increasing 
versatility for some situations. These properties and capabilities 
have made the CO 2  laser widely used within otolaryngology. 

  Bleeding   is an important consideration during TLM using a 
CO 2  laser. Due to the small depth of penetration and excellent 
absorption by water, anything but minimal bleeding stops laser 
surgery in its tracks. The laser simply boils blood as it appears, pro-
ducing an expanding mass of charred blood. This charring shields 
the bleeding tissue from the laser. Therefore, hemostasis of blood 
vessels, larger/beyond the laser’s 100-μm zone of effi cacy, must be 
 attained   with electrocautery or vascular clips.   

   Margin  Mapping   

 TLM defi es a fundamental principle of surgical oncology, that of 
“en bloc” resection. Removal of a tumor en bloc has been a pru-
dent means of preventing inadvertent and unseen dispersion of 
viable cancer cells. Should a scalpel penetrate the cancer it will 
expose cells that are alive. Moreover, viable cancerous cells may 
adhere to the blade. Nothing would then prevent the surgeon 
from transplanting these viable cells with subsequent incisions. 
Thus, when the wound is closed, transferred malignant cells 
increase the chance of recurrence. This is particularly likely with the 
reconstruction methods that follow conventional open  resection. 
Healing by primary intention, with a fl ap or otherwise, would 
place any inadvertently dispersed cancer cells within healthy tissue, 
an environment favorable to proliferation. In open surgery, to pre-
vent this chain of events, the surgeon isolates the cancer in an 
unbroken package of normal tissue. This prevents contact between 
any surgical instrument and viable cancer cells. 

 TLM does not use a scalpel to cut, rather a CO 2  laser. Cancer 
cells cannot adhere to this beam. Furthermore, any cells that are 
exposed by the laser are thermocoagulated, not viable. So, assum-
ing that the specimen does not tear, forceps and clamps never con-

 Carbon Dioxide  Laser  
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tact viable cells. Therefore, in TLM there is no device of physical 
transplantation of malignant cells. Additionally in TLM the wound 
is not closed, but allowed to heal by secondary intention. Thus, 
any unseen cancer cells fall on a layer of coagulum, not in the favor-
able confi nes of healthy tissue [ 30 ]. Finally, Werner et al. showed 
that the CO 2  laser seals off lymphatic vessels as it cuts. And, these 
lymphatics remain closed for 10 days [ 31 ]. This theoretical basis 
for TLM has been validated by excellent local control rates ranging 
from 85 to 99 % [ 9 ,  10 ,  16 ]. 

 The CO 2  laser’s ability to cut with minimal thermal necrosis 
gives it a unique advantage over another laser or bovie. Using this 
ability to make clean, precise incisions the surgeon can carefully 
observe the tumor–host interface. This ability, coupled with the 
magnifi cation of the operating microscope, permits microscopi-
cally driven piecemeal tumor  resection  . As the surgeon resects, 
piece by piece, he must orient and ink each resected specimen for 
the pathologist. It is paramount that the surgeon maintains orien-
tation of the specimen. Moreover, as the tumor is further subdi-
vided, the surgeon must keep track of the sites and sources of the 
various specimens. This can be accomplished with the use of differ-
ing color of ink, maps, lists, etc. The head and neck pathologist can 
use frozen section techniques to inform the surgeon of the pres-
ence of tumor within margins. The operation can therefore be tai-
lored based on the pathology results. Excellent communication 
between the surgeon and the pathologist allows the operating sur-
geon to obtain a map of the tumor and its margins. This process is 
known as margin mapping and adds a diagnostic component to 
TLM. An illustration of the technique of tumor mapping can be 
seen in Fig.  7 .

   The oncologic results of TLM have been discussed earlier; in 
addition to that, margin mapping itself has been validated. In a 
case series of 128 patients who received TLM (with microscopi-
cally driven margin mapping) for tonsillar SCCA, Hinni et al. 
reported 2- and 5-year disease-free survival rates of 96.5 % and 
94.5 %, respectively, and a local control rate of 99 % [ 16 ].  

    Contraindications   to TLM 

 TLM, like any surgery, requires adequate access and exposure. 
Therefore, inability to expose is an absolute contraindication to 
TLM. The predominant limitations to exposure in TLM are known 
as the 10 Ts of access and exposure. These are teeth, tongue, tilt, 
transverse dimensions (mandibular), tori (mandibular), trismus, 
treatment (previous radiotherapy), tumor, tethering, and time 
(modifi ed from Rich et al.) [ 17 ]. If the upper teeth are the only 
impairment, an extraction may be considered to avoid an open 
procedure. 
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 Very advanced disease can also be a contraindication to TLM. 
Extensive spread to the neck, i.e., disease involving the great ves-
sels or mandibular cortical penetration, is an absolute contraindica-
tion to TLM. TLM is also contraindicated in cases of unresectable 
cancer or advanced cancer needing reconstruction. If patients have 
signifi cant functional impairments (e.g., severe persistent aspira-
tion) or overwhelming comorbidities, then TLM is also not advis-
able. Recurrent cancer in a previously irradiated bed is also a 
relative contraindication to TLM, especially for the inexperienced 
surgeon [ 30 ]. 

 It is also important to  maintain   realistic patient expectations. 
Lasers can be perceived as an especially novel tool. Thus, on occa-
sion patients will place too much faith in lasers, i.e., the “laser 
myth.” Here it is important to recall the limitations of TLM. TLM 
cannot restore the function or anatomy of tissues that have already 
been lost to cancer, RT, or previous surgery.  

    Complications   of TLM 

 As with any surgery, complications do occur with primary transoral 
laser resections of head and neck tumors. While it is impossible to 
completely avoid complications, steps can be taken to minimize 

  Fig. 7    Illustration of  tumor mapping  . Tumor can be seen removed in fi ve separate slices sequentially. A deep 
margin for each slice is inked in the operating room to preserve orientation for pathology       
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the risk of these occurring. Such precautions can be taken in all 
stages of a TLM case, i.e., preoperative, intraoperative, and post-
operative. Preoperatively, selecting appropriate patients can miti-
gate the risk of complications. For example, previously treated 
patients are at a greater risk of having complications [ 32 ]. 
Intraoperatively, ensuring optimal exposure and hemostasis are 
important components of safe intraoperative execution. In the 
perioperative arena, airway management and monitoring for aspi-
ration are key to avoiding postoperative complications. 

 Complications of TLM can be separated into minor and major 
complications. Minor complications include any and all forms of 
dental trauma, tongue contusions, oral cavity or pharyngeal tears/
lacerations, mandibular trauma, nerve (lingual) paresis, and minor 
burns from the electrocautery or laser defl ections. Transoral laser 
surgery very clearly puts structures of the oral cavity and orophar-
ynx at risk. Manipulations of the laryngoscope and other steps 
taken to optimize exposure can damage dentition or cause tongue/
pharyngeal lacerations. While steps are taken to minimize such 
complications (e.g., the use of Aquaplast splints to protect denti-
tion), these  complications are   more favorable outcomes than com-
promised margins. Major complications discussed in this chapter 
are those we feel to be most salient: hemorrhage, airway fi res, air-
way obstruction, and aspiration. 

   Hemorrhage following TLM is an unpredictable and potentially 
life-threatening complication. Bleeding from laser resections of 
oropharyngeal tumors is a particular concern due to the complex 
network of named vessels within the lateral pharyngeal anatomy. 
TLM’s “inside-out” approach also reverses the traditional percep-
tion of anatomy. This has the potential to add another variable as 
the surgeon operates. As the surgeon progresses with the resection 
into deeper lateral pharyngeal tissues, larger and larger blood 
 vessels may be encountered. Smaller vessels may be managed 
with electrocautery (bipolar). However, larger vessels, especially all 
named vessels, must be clipped or ligated. TLM can leave patients 
with impaired swallowing function and airway protection. This is 
particularly the case during the several weeks to months that are 
needed for healing. Postoperative bleeding in such patients can be 
catastrophic. In the event of a catastrophic bleed, the potential for 
death is not from exsanguination; rather aspiration and asphyxia-
tion are the cause of death. 

 While postoperative bleeding is a very serious concern, it is a 
rare complication. Pollei et al. studied 906 patients treated with 
oropharyngeal SCCA who were treated with transoral surgical 
methods. Their work demonstrated an overall postoperative bleed 
rate of 5.4 % [ 33 ]. Furthermore, in a review of 701 cases, Salassa 
et al. identifi ed 10 patients who experienced major postoperative 
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hemorrhage. A catastrophic bleed occurred in three of these 
patients, or 0.4 % of the 701 cases reviewed [ 34 ]. 

 Transoral surgery results in an “inside-out” perception of anat-
omy that can present a new variable when operating. However, 
with a thorough knowledge of anatomy the surgeon can anticipate 
major blood vessels while operating. Hemostasis can be  obtained   
with electrocautery or vascular clips. Selected patients may also 
benefi t from ligation of vessels within the neck. Ultimately, proper 
precautions enable TLM to represent a safe treatment modality.  

   Fire within the airway represents a very serious complication of 
TLM. These fi res are extremely rare in North America. The ignition 
of such a fi re requires high temperatures (or a spark), fl ammable 
materials, and adequate oxygen. Laser surgery can certainly result in 
temperatures high enough for combustion. Temperatures routinely 
approach 250 °C where tissues are vaporized when the laser is used 
to make incisions. This temperature carbonizes tissues. The carbon-
ized tissue can then combust locally within the laser’s focus. Resultant 
temperatures can exceed 1000 °C. Therefore, temperatures are 
more than suffi cient to ignite fl ammable substances. Critically, the 
electrocautery as a source of ignition should not be overlooked since 
most ignitions are related to electrocautery [ 35 ,  36 ]. 

 Materials of the endotracheal tube and its contents (oxygen and 
inhalable anesthetics) contribute to airway fi res. Therefore, many 
institutions mandate “laser-proof” tubes. “Laser-Proof” endo-
tracheal tubes often have an outer layer of aluminum or copper to 
shield the tube and its contents from the laser. Additionally avoiding 
the use of fl ammable gases (such as nitrous oxide) and limiting oxy-
gen concentrations is imperative. The most important consideration 
when performing TLM is the FiO 2  (fraction of inspired oxygen) 
[ 37 ]. Maintaining the oxygen concentration below 27 % can mini-
mize any risk of fi re. 

 By taking the necessary precautions, the risk of airway fi res can 
be virtually eliminated. A recent study at the Mayo Clinic Hospital 
in Phoenix, Arizona, reviewed 4000 sequential CO 2  laser  procedures 
and failed to fi nd a single laser fi re [ 38 ]. Like many other  inadvertent 
medical errors, laser airway fi res can be  avoided   with focused and 
timely intraoperative communication.  

   The structures of the pharynx and larynx normally function by 
preventing foodstuffs, fl uids, and solids from entering the airway 
but permit their entrance through the esophagus. Several coordi-
nated movements of the tongue, palate, pharynx, and larynx are 
needed for safe and proper swallowing. Intact sensory innervation 
is needed to coordinate the motor components. If the requisite 
neural or muscular functions are lost, swallowing can be impaired. 
As discussed earlier, TLM cannot restore any anatomy or function 
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that has been compromised by cancer or previous therapy 
(surgery or RT). 

 Following TLM most patients will experience some degree of 
aspiration. Therefore, it is often prudent to place a nasogastric 
feeding tube at the time of surgery. Should the patient not need 
the tube it can be removed the following day. This is easier than 
having to place a nasogastric tube when the patient is unable to 
swallow in the postoperative setting. Aspiration pneumonia is a 
relatively common complication affecting about 5–6 % of TLM 
patients [ 35 ,  39 ]. Elderly patients are particularly susceptible to 
this. Thus, it is important to recognize and treat a pneumonia. 
Also patients are encouraged to maintain an upright position until 
their swallowing function and management of oral secretions 
improve. 

 Preoperative and postoperative involvement of a swallowing 
therapist is also extremely valuable. A speech and language pathol-
ogist can assist patients and help them determine when it is safe to 
resume an oral diet. Additionally, the value of the emotional sup-
port provided to patients is incalculable.  

   Intraoperatively, airway obstruction is unlikely unless the endotra-
cheal tube is displaced. Once the patient has been extubated, sig-
nifi cant edema or soft tissue herniation into the airway can obstruct 
the airway. Surgical resection can release remnant tissues from nor-
mal attachments. Freed soft tissue can then herniate and obstruct 
the airway. Obstruction related to tissue herniation is a somewhat 
bigger risk in supraglottic and hypopharyngeal surgeries. 

 Protracted tongue pressure can result in tongue edema. This 
can then occlude the airway following extubation. Loss of venous 
outfl ow during a neck dissection (resection of a jugular vein) and 
extensive fl uid resuscitation can increase this risk. Signifi cant sur-
gical edema responds poorly to medication. Thus, an elective 
 tracheostomy may be the best course of action in those patients 
receiving lengthy operations and/or bilateral neck dissections. 

  Airway obstruction   is a substantial, but rare, complication of 
transoral surgery in the postoperative setting. Our temporary rate 
is 15 % with most patients also receiving simultaneous neck dissec-
tions. Permanent tracheostomy rates are extremely low, i.e., 0–1 % 
[ 13 ,  14 ,  40 ].   

   Conclusion 

 TLM represents a new paradigm in head and neck surgery. Unlike 
open approaches, TLM addresses anatomical impediments with a 
minimally invasive transoral approach. As a result, the disassembly 
and reconstruction of a conventional head and neck cancer opera-
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tion can be avoided. This approach affords reduced morbidity, 
shorter hospital stays, and reduced overall costs. 

 When the careful and precise incisions of a CO 2  laser are cou-
pled with the brilliant illumination and magnifi cation of an opera-
ting microscope, an additional dimension of tumor resection is 
realized. A diagnostic dimension! Working with a head and neck 
pathologist TLM allows a surgeon to precisely map a tumor’s 
extent and depth of invasion. The operation can then be tailored 
even more precisely to a given tumor and further minimize injury 
to otherwise healthy tissues. This piecemeal approach does violate 
a time-honored dictum of surgical oncology, the “en bloc” resec-
tion, but it has been convincingly demonstrated to be oncologi-
cally safe. In TLM healing by secondary intention and laser-mediated 
sealing of lymphatics may help prevent recurrence. Ultimately, 
TLM is a versatile and individualized surgical approach. It is an 
excellent primary treatment modality for both early and advanced 
pharyngeal cancer which should be made available to patients as an 
option by multidisciplinary cancer centers.     
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    Chapter 4   

 Transoral Laser Microsurgery for Laryngeal Cancer                     

     Tjoson     Tjoa      and     William     B.     Armstrong       

       Introduction 

 Cancer of the larynx is the third most common malignancy of the 
 upper aerodigestive tract   [ 1 ]. 85–95 % of these are squamous cell 
carcinoma, a result of malignant transformation of the epithelial 
layer of the larynx [ 2 ]. In the United States, 60 % of laryngeal can-
cer will affect the  glottis  , 35 % will affect the  supraglottis  , and the 
remaining 5 % will affect the  subglottis  . Historically, treatment of 
laryngeal cancer has been in the form of  open transcervical surgery  , 
endoscopic transoral surgery using cold steel instrumentation, and 
external beam radiation therapy (RT). The advances of direct 
laryngoscopy, microscopic instrumentation, and lasers in the twen-
tieth century have paved the way for  transoral laser microsurgery 
(TLM)     , which now competes with, and often replaces, the tradi-
tional modalities to treat laryngeal cancer (Fig.  1 ).

   Alfred Kirstein developed the fi rst direct laryngoscope with 
electric lighting in 1895 [ 3 ]. 20 years later, Chevalier Jackson 
reported the endoscopic resection of an epiglottic cancer with 
punch biopsy forceps. In the mid-twentieth century, Scalco 
described the use of the microscope in conjunction with the sus-
pension laryngoscope, which, along with the use of general endo-
tracheal anesthesia, allowed for a leap in precision with regard to 
surgery of the vocal cords. Shortly thereafter, Kleinsasser designed 
further instrumentation and introduced the 400-mm lens [ 4 ], 
which increased the working distance between the microscope and 
the laryngoscope, allowing for the use of long-shafted laryngeal 
instruments [ 5 ]. 

 The development of lasers in the late 1950s in many ways revo-
lutionized the management of laryngeal disease. Michael Polanyi 
coupled the  CO 2  laser   to a microscopic attachment [ 6 ], which was 
used by Jako to evaporate discrete areas of tissue on the vocal cord 
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surface in a rapid and bloodless manner [ 7 ]. The development of 
the micromanipulator by Polanyi and Jako was a landmark devel-
opment that allowed for microscopic precision on the vocal cord 
target with a no-touch technique, the other hand being free to 
grasp the pathology and/or suction the operative fi eld free of 
secretions or debris [ 8 ]. The concurrent use of CO 2  laser with 
microlaryngoscopy by Polanyi, Jako, and Strong has greatly facili-
tated the now common practice of endoscopic excision of papillo-
mas and early carcinomas [ 9 ]. 

 With relatively little change in mortality since the 1970s, cur-
rent clinical focus is not simply on improving survival, but on 
expanding the application of and indications for laryngeal preser-
vation modalities to improve function and quality of life.  Transoral 
laser microsurgery (TLM)   is now a readily accepted modality of 
treatment of early stage laryngeal carcinoma, with indications for 
advanced stage tumors as well. It allows for the resection of tumor 
through a transoral approach with or without endoscopes using 
operating microscope visualization and laser tissue excision. It has 
provided a useful alternative to open laryngeal surgery and external 
beam radiation.  

   Principles of TLM 

 The term “LASER” was introduced as an acronym for light ampli-
fi cation by stimulated emission of radiation. The carbon dioxide 
laser was developed in 1963 by Kumar Patel (Bell Labs) and has 
become the workhouse for TLM of the larynx. The CO 2  laser 
functions primarily as a  hemostatic scalpel   when the beam is 
focused, with the ability to simultaneously cut and coagulate tis-
sue. When the beam is defocused, the CO 2  laser can also be used 

  Fig. 1     Sagittal and coronal sections   of the larynx showing the cancer subsites (adapted from Coates GM, 
Schenck HP. Otolaryngology. W.F. Prior Co., Hagerstown, MD. 1966, Vol. 5, Chapter 7, page 4)       
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effectively to ablate and cytoreduce epithelial disease such as dif-
fuse  papillomatosis   [ 10 ]. Operating at a wavelength 10.6 μm in the 
infrared region,  CO 2  lasers   deliver nonionizing electromagnetic 
radiation that is well absorbed by water, which is ubiquitous in the 
laryngeal soft tissues. 

 The goal of TLM is no different than that of traditional open 
and endoscopic surgical techniques: to remove tumor completely 
with clear surgical margins. What distinguishes TLM from open 
surgery is that healing is allowed to occur by secondary intention 
and the  tumor block   can be subdivided into manageable units by 
the laser (in situ). While this violates the classic Halstedian princi-
ple of en bloc resection, extensive study by Steiner [ 11 ,  12 ] and 
others [ 13 – 15 ] has demonstrated that there is no sacrifi ce of onco-
logic control using a blockwise resection of the tumor in discrete 
segments. Successful oncologic and functional outcomes are rou-
tinely achieved, as long as several guiding principles are followed. 

 The fi rst is that high powered magnifi cation and bright illumi-
nation are used to visualize the cut surface. This represents a stark 
advantage over open surgery, in which tumor margins are grossly 
visualized with the naked eye or under minimal loupe magnifi ca-
tion with a headlight. Under microscopic visualization, tissues 
reveal subtle information about their consistency as they are 
retracted. Cancer is either stiff or soft and friable, with  dysmorphic 
architecture  . Beyond the tumor, the expected microarchitecture is 
striated muscle, fat, seromucinous glands, fi brous perichondrium, 
cartilage, or bone, which can be distinguished by an experienced 
surgeon [ 16 ]. Additionally, tumor tissue takes on a different 
appearance than normal tissue after laser ablation, with more char 
on the tumor tissue. The ability to see these subtle differences in 
tissue content and vascularity allows for detailed real-time assess-
ment of margins. 

 The second principle is that laser cutting with a spot size that 
can be focused to 250 μm and emitted in brief, microsecond pulses 
can be used to make precise cuts while allowing the tissue to cool 
in between pulses, thereby minimizing thermal damage to the sur-
rounding tissue. Within the past decade, the development of the 
fl exible fi ber to deliver the CO 2   laser   beam has added to the 
 precision and also allowed for the ability to make tangential cuts 
out of the line of sight of straight laryngoscope delivery. The fi ber 
consists of a hollow-core tube surrounded by a dielectric mirror, 
which allows the use of CO 2  either within a fl exible endoscope or 
delivered through a hand-piece. Use of the CO 2  laser has been 
shown to seal the lymphatic vessels of the wound margin, which 
remain sealed for about 10 days after laser surgery [ 17 ,  18 ]. 

 A third principle is to perform stepwise resection of blocks of 
 tumor   with clearance at each region or subsite before proceeding 
to the next area (Fig.  2 ). It is particularly important to carefully 
label and orient each specimen. Once the pathologist evaluates the 
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depth of tumor infi ltration, basal clearance, and margins, re- 
excision of tissue at any positive or close margins can occur incre-
mentally. This can be done at any time, since the wound is left 
open to heal and there is no risk of burying tumor under a recon-
structive fl ap.

   There are a number of reasons why en bloc resection is not 
required. First of all, cancer in the airway is already exposed. There 
is an open surface that allows direct visualization of an entire bor-
der of the cancer. Also, as the  laser beam cuts   through the tissue, 
there is no adherence of the cancer cells to it. With cold steel 
instrumentation, one of the concerns is that cancer cells can be 
seeded by the passage of the knife from diseased to healthy tissue. 
As mentioned above, lymphatics and small blood vessels are sealed 
with the laser cut, helping to prevent spread of cancer through 
those channels. The laser itself allows for photocoagulation of sur-
face tumor cells and leaves a hostile environment for any cells that 
do get seeded. 

 The advantages of TLM are multiple. First, treatment of the 
larynx with TLM does not preclude any future possibilities for 
treatment, should there be recurrence or a second primary tumor. 
Re-excision with the laser, open excision, and radiation all remain 
treatment options. This is in contrast to external beam radiation, 

  Fig. 2    Schematic and drawings showing ( a ,  b ) piecemeal removal of tumor and ( c ,  d ) en bloc resection       
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which leaves a salvage total laryngectomy as the only possibility in 
cases of recurrence [ 19 ]. 

 Second, TLM has less morbidity than open approaches, which 
in many cases requires a temporary tracheostomy and possible feed-
ing tube. With an approach to the tumor from inside the airway, 
there is no dissection through normal muscle, nerves, and cartilage, 
and the laryngeal framework continues to support and provide 
structure to the airway. This results in decreased rates of postopera-
tive stenosis and allows for healing by secondary intention. There is 
also a decreased risk of  fi stula formation   and lower chance of post-
operative infection. All of this contributes to improved functional 
outcome and decreased length of hospital stay. 

 The precision of TLM results in minimal damage to adjacent 
tissue, which reduces healing time, wound contraction, scarring, 
and postoperative edema [ 20 ,  21 ]. There is also a delayed acute 
infl ammatory reaction and reduced  myofi broblast activity  , which 
results in improved postoperative function with swallowing and 
speech [ 21 ]. Initial concerns about the accuracy of pathologic 
assessment of margins in TLM have largely been alleviated by stud-
ies that have shown that thermal damage on the borders of biopsy 
specimens does not interfere with the pathologist’s establishment 
of a fi rm diagnosis [ 21 ].  

   Operative Technique 

 A thorough preoperative evaluation with accurate staging is critical 
for operative success. The lesion must be accurately visualized 
either in the offi ce or through operative endoscopy, and histologi-
cal confi rmation of malignancy is mandatory. For larger tumors, 
preoperative MRI or CT  scan   imaging should be performed to 
evaluate depth of tumor invasion and presence of nodal metastases. 
Once the patient is in the operating room under general anesthe-
sia, a confi rmatory direct laryngoscopy is performed. 

 Prior to starting the laser resection, several laser safety measures 
should be implemented to minimize the risk of complications 
(Fig.  3a ). The primary risks of the laser are burns to the patient and 
members of the operative team, so it is important to protect the 
patient’s eyes with protective eye pads moistened with saline. 
Likewise, all operative personnel must wear protective eyeglasses. 
Signs are placed outside the operating room to indicate that a laser is 
in use. The facial skin is protected using surgical towels soaked in 
saline solution, and these towels need to be kept moist during the 
entire procedure. A smoke evacuator is used to remove  laser plume   
created by the laser. A protected endotracheal tube designed to 
decrease the risk of ignition from laser impact is used. The cuff of the 
laser-protected tube is infl ated using saline with  methylene blue dye   
to help identify endotracheal tube cuff rupture and help prevent tube 
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ignition if there is cuff damage during the procedure. Irrigation solu-
tion is immediately available in the event of ignition of the drapes or 
other fl ammable materials. The oxygen concentration is also lowered 
to below 30 % FiO 2  when using the laser to decrease the likelihood of 
airway fi re [ 22 ]. In the event of an airway fi re, the  endotracheal tube   

  Fig. 3    ( a ) Setup of patient with laser-safe eye protection and insertion of laryn-
goscope. ( b ) Laser surgery being performed under visualization with the operat-
ing microscope. Moist towels are used around the face to protect from the laser       
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is immediately removed, the fl ow of airway gases halted, fl ammable 
material such as sponges are removed, and saline poured into the 
airway [ 23 ]. Once the fi re is extinguished, the airway is re-secured, 
the endotracheal tube examined for missing fragments, bronchos-
copy is performed, and the procedure is terminated.

   Once the patient is prepared, the patient is placed in a supine posi-
tion with the head fully extended. Upper dentition is protected using 
either a plastic or metal tooth guard. Using one of a variety of rigid 
laryngoscopes selected to visualize the desired structures, the larynx is 
visualized. Once adequate exposure of the tumor and surround struc-
tures is obtained, the laryngoscope is fi xed using a suspension arm, 
which frees both hands for operative manipulation. The microscope is 
brought into position and the laser is coupled to the micromanipula-
tor (Fig.  3b ). Along with the invisible CO 2  laser beam, a coaxial 
helium–neon (He–Ne) laser aiming beam is used to align the laser to 
the target. Prior to surgery, the laser is tested to ensure both proper 
function and alignment of the CO 2  and He–Ne beams. 

 The procedure is begun by marking the peripheral margins 
using the CO 2  laser. The size of the margin depends on the loca-
tion and stage of the tumor and whether the patient is undergoing 
primary treatment or resection of recurrent disease. If there has 
been prior RT, wider margins are taken because of the higher risk 
of an infi ltrative pattern of spread through the tissues. For small 
 glottic tumors  , a margin of as little as 1 mm is necessary. For deep 
margins, several millimeters, and ideally a connective tissue barrier, 
are chosen for margins of resection. 

 Successful resection of tumors requires different techniques, 
laser energies, spot sizes, and pulse modes in order to perform the 
various tasks of tissue ablation, precise cutting, and coagulation of 
tissues. It is important to emphasize that for a given application, 
there are no fi xed settings, and that practice patterns vary 
 signifi cantly by physician. Several laser parameters are selected for 
each particular case, including (a) power, (b) spot size, (c) expo-
sure time, and (d) power (pulse) delivery. Laser energy can be 
delivered through intermittent pulses, repeated pulses,  continuous 
wave (CW)  , or the use of very rapid (millisecond) pulse delivery in 
the form of ultrapulse or superpulse mode. 

 CW mode produces surrounding tissue damage from thermal 
spread of the  laser energy  . In order to produce adequate cutting 
and hemostasis with limited char formation and thermal spread, 
alternative pulse delivery modes have been developed to allow tis-
sue cutting and hemostasis while limiting thermal damage to sur-
rounding tissues. By producing high-energy, short-duration pulses 
in rapid succession, tissue ablation can occur with limited heat 
damage to surrounding tissues. The two most common modes, 
ultrapulse and superpulse, utilize slightly different strategies to 
produce rapidly pulsed waves that incorporate high peak power 
delivered in millisecond pulses. 
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 Superpulse mode delivers short bursts (less than 1 ms) in rapid 
succession. The energy profi le of the beam is characterized by a 
high initial peak energy spike with rapid drop in energy over dura-
tion of the pulse. The ultrapulse mode delivers a short pulse with a 
rapid peak onset, relatively constant energy delivery for the dura-
tion of the pulse, and rapid decline in power at the end of the 
pulse, approximating a square wave. The superpulse mode has 
higher peak energy but less total energy delivery per pulse and 
more rapid pulse delivery, while ultrapulse mode has lower peak 
energy in each pulse, higher energy delivered with each pulse, and 
longer duration between pulses [ 24 ,  25 ]. From a practical stand-
point, the clinical differences between the two pulse modes are 
subtle, although the thermal damage from the superpulse mode is 
reported to be slightly greater than with  ultrapulse mode   [ 25 ]. 

 Specially designed instrumentation, including microlaryngeal 
forceps, scissors, and insulated suction cannulae for cution and uni-
polar coagulation, are used to retract tissue or remove debris as the 
surgeon uses the micromanipulator to excise tissue (Fig.  4 ). As the 
tumor is removed in sections, the specimens are carefully labeled 
and oriented for the pathologist. Often, the marking ink used by 
pathologists is placed on the true margins in the operating room by 
the surgeon. Precise communication and collaboration with the 
pathologist is key in correctly interpreting margin status for these 
complex, three-dimensional specimens. In complicated cases, the speci-
men should be delivered to the pathologist by the surgeon to 
ensure correct orientation of the specimen.

   Frozen-section margins are sent based on the surgeon’s judgment 
of areas at greatest risk for recurrence. If positive margins are reported 
by the pathologist, additional tissue is removed until the margins are 
clear. Following resection, hemostasis is ensured, and the wound is left 
open without reconstruction to heal by secondary intention.  

  Fig. 4    Laser instrument table setup, with microlaryngeal instrumentation, endo-
scopes, insulated cannula suctions, and laryngoscope       
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   Treatment of Glottic Cancer 

 Currently, regardless of treatment modality, the prognosis for 
Carcinoma in situ (Tis) and T1 lesions of the  vocal cords   is very good. 
Because of that, the goal of treatment has moved beyond simply cure 
and laryngeal preservation to include optimizing voice outcomes and 
minimizing cost and postoperative complications [ 19 ]. 

 Small mid-cord tumors can be resected en bloc. When excised 
with narrow margins, the effect on the voice is comparable to treat-
ment with RT. More extensive lesions are removed in sections with 
1–3 mm margins (Fig.  5 ). A review performed by Ambrosch in 
2007 revealed a 5-year local control rate of 80–94 % for Tis-T2a 
glottic carcinomas [ 19 ]. This is comparable to the local control 
rate of open partial laryngectomy (90–98 %) and avoids the short- 
term complications of open surgery [ 26 ,  27 ]. Because the approach 
to the tumor is from the inside of the airway, no breach of the 
laryngeal framework is needed for access. This allows for preserva-
tion of the  strap muscles   and obviates the need for a tracheostomy, 
thus resulting in shorter hospital stays and improved swallowing 
outcomes postoperatively.

   The 5-year local control rate for TLM is also equivalent to that 
of external beam RT (approximately 81–90 %). Additionally, post-
operative voice quality of life is comparable between the two treat-
ment modalities [ 28 ]. However, TLM has been shown to be a 
much more cost-effective option [ 29 ,  30 ]. Furthermore, for T1 
tumors, occasionally the tumor is removed with the initial diagnos-
tic biopsy. TLM allows for assessment of residual tumor intraop-
eratively, thus avoiding unnecessary radiation in such cases. With 
organ preservation rates being similar (>94 %) in all three modali-
ties, TLM remains a very attractive option for treatment of Tis and 
T1 tumors of the glottis. With regard to T2 lesions, the local con-
trol rate of TLM is actually higher than XRT (64–87 %), with bet-
ter organ preservation rates (75–87 %) [ 26 ,  31 ,  32 ]. 

 When early glottic carcinoma involves the anterior commis-
sure, there is confl icting data about the effectiveness of TLM [ 33 ]. 
Steiner reviewed 263 cases and found that involvement of the ante-
rior commissure affects local tumor control and organ preservation 
in T1/2 lesions, but does not affect overall survival [ 34 ]. Others 
have shown much higher recurrence rates than reported by Steiner 
after TLM in cases with anterior commissure involvement and rec-
ommended supracricoid partial laryngectomy as the treatment of 
choice in those cases [ 35 ]. 

 While this may partially be attributed to inadequate tangential 
exposure at the anterior commissure, it is thought that inadequate 
diagnostic (under)-staging plays a contributing role to high recur-
rence rates. RT has also been shown to have high recurrence rates 
in anterior commissure involvement 57–85 % [ 36 ], supporting the 
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notion that recurrence is not simply a matter of obtaining surgical 
exposure and proper operative technique. 

 Other studies have demonstrated that initial clinical evaluation 
failed to identify tumor invasion of the laryngeal cartilages and 
extra-laryngeal soft tissues resulting in a low staging accuracy of 
45 %. The combination of clinical evaluation, endoscopic evalua-
tion, and either CT or MRI imaging resulted in signifi cantly 
improved staging accuracy of 80–87 % [ 37 – 39 ]. Because of this, it 
is recommended that tumors involving the anterior commissure 
receive axial helical CT scans reformatted with sagittal and coronal 
1.0 mm cuts as part of the diagnostic workup [ 39 ]. 

 For more advanced glottic carcinomas (T2b-3), published data 
on TLM is more scarce. If there is invasion into the paraglottic 
space, incisions are made laterally into the  thyroid cartilage   and 
inferiorly to the  cricoid cartilage   in order to clear disease. Ambrosch 
et al. published the largest series of T2b-3 lesions ( n  = 167) and 
found the 5-year local control rate was 74 % for pT2b carcinomas 
and 68 % for pT3 carcinomas. The respective secondary laryngec-
tomy rates were 13.4 and 14.3 % [ 40 ]. The 5-year disease-free 
survival rate for both groups was 62 %. No patients required tra-
cheostomy during the initial surgery, and postoperative speech and 
swallow function was fully rehabilitated.  

   Treatment of Supraglottic Cancer 

 Early stage supraglottic cancers have a tendency to be contained to 
within the boundaries of the supraglottic  larynx and pre-epiglottic 
space  . The traditional open approaches to these tumors have been 
the horizontal supraglottic laryngectomy, developed in 1939 by 
Alonso [ 41 ], and the supracricoid partial laryngectomy with 

  Fig. 5    ( a ) T1 right true vocal cord squamous cell carcinoma prior to laser excision, as viewed through laryn-
goscope. ( b ) Undergoing piecemeal excision, with the posterior portion removed. Laser-safe endotracheal tube 
is in view       
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cricohyoidopexy (SCPL-CHP), popularized within the last 25 
years by Laccourreye [ 42 ]. For T1 lesions, the local control rates 
are reported to be 90–100 %, and 80–97 % for T2 lesions with 
open surgery. External beam radiation has shown local control 
rates of 77–100 % for T1 and 62–83 % for T2 lesions [ 19 ]. Tumor 
volume as assessed by preoperative CT imaging was the most sig-
nifi cant prognostic factor involved in local control [ 43 ]. 

 The fi rst description of TLM for supraglottic cancer was by 
Vaughan in 1978 [ 44 ]. Subsequent refi nement of the laryngos-
copy equipment over the next 15 years, led by Steiner and his 
Goettingen University group, allowed for maximal exposure of the 
surgical working fi eld. Working with Karl Storz, Inc, he helped to 
develop instruments that were robust enough to  grasp tissue  , 
coagulate, and apply clips endoscopically. Typically, ordinary tubu-
lar laryngoscopes are not suitable for procedures in this area and 
 bivalved laryngoscopes   with spreadable blades are used [ 45 ]. With 
increasing experience and  meticulous   follow-up, Steiner and his 
group were able to expand the indications of TLM from early glot-
tic carcinoma to more advanced  T stages   of all sites of the larynx 
[ 11 ]. Based on the extent of resection that can be safely performed, 
most authors currently consider T1, T2, and selected T3 supra-
glottic cancers as indications for TLM. 

 Smaller tumors along the free margin of the epiglottis and the 
aryepiglottic fold can be excised en bloc. In fact, excisional biopsy 
alone of suspicious lesions may be curative in some cases of T1 and 
T2 tumors [ 46 ]. A review by Rodrigo et al. in 2008 revealed a 
5-year local control rate of 88 % in T1 lesions and 89 % in T2 
lesions [ 47 ], with a number of studies showing 100 % control in 
either T1 or T2 lesions using TLM [ 14 ,  48 ,  49 ]. 

 Larger tumors require resection of the tumor in multiple sec-
tions with intraoperative frozen-section analysis. However, local 
control rates for T3 lesions are somewhat less favorable after treat-
ment with TLM. Iro et al. found a 33.3 % recurrence rate in a 
series of 15 T3 lesions [ 50 ]. Rudert found a 22 % recurrence rate 
in a series of 9 T3 lesions [ 14 ] and concluded that those tumors 
that are upstaged due to pre-epiglottic space invasion are amenable 
to endoscopic resection. This was corroborated by Ambrosch 
et al., who reviewed a series of 41 T3 lesions, mostly as staged as a 
result of pre-epiglottic space invasion. 13 (26 %) of these required 
postoperative external beam radiotherapy due mostly to cervical 
metastases. The 5-year local control rate was 86 %, though 4 % of 
patients required total laryngectomy for recurrent disease [ 40 ]. 

 With open supraglottic laryngectomy, local control rates exceed 
90 % for T1 and T2 cancers, but the results drop to between 70 and 
90 % for T3 cancer [ 19 ,  51 ]. The SCPL-CHP has been shown to 
have very low recurrence rates for T3 lesions (0–7 %) and may be an 
oncologically more effective alternative to TLM and standard open 
approaches when available. In the last 25 years, it has broadened the 
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options available for treating larynx cancer by bridging the gap 
between the partial supraglottic laryngectomy and total laryngec-
tomy [ 52 ]. SCPL-CHP includes resection of the entire epiglottis 
and the pre-epiglottic space, anterior vocal folds, and anterior com-
missure. In order for speech and swallow to be possible after this 
surgery, the resection must allow for preservation of at least one 
intact cricoarytenoid unit and an intact cricoid cartilage. However, 
even with this, voice outcome is poor, with a rough, low-frequency 
phonation from vibration of the arytenoids against the tongue base 
impacted onto the cricoid. Aspiration, which can be intractable, is 
more likely with this procedure, especially when arytenoid function 
and height is affected. Data has shown primary radiotherapy to be 
an inferior treatment alternative to either open or TLM surgery for 
early supraglottic lesions, with local control rates of 77–100 % for 
T1 cancers and 62–83 % for T2 cancers. 

 The endoscopic approach of TLM provides several distinct 
advantages over open resection:  tracheotomies   can generally be 
avoided, the incidence of pharyngocutaneous fi stulas is markedly 
reduced, rehabilitation of swallowing is faster, the incidence of 
aspiration pneumonia is lower, and hospital stay is shorter [ 47 ]. 
Regardless of the surgical technique employed, negative margins 
are essential in limiting local recurrence. Additionally, supraglottic 
carcinomas have a high incidence of regional lymph node  metastasis, 
ranging from 25 to 50 %. Lymph node metastasis is the most 
important prognostic factor in supraglottic cancer [ 47 ]. Because of 
this, most authors recommend that selective neck dissection be 
performed even in patients with stage I and II disease. In patients 
with known cervical metastasis, neck dissection combined with 
postoperative external beam radiotherapy offers the best chance of 
regional control.  

   Complications 

 In general, TLM is well tolerated with low complication rates and 
generally improved functional outcome compared to correspond-
ing open procedures resecting the same size tumor. Early postop-
erative hemorrhage is a potentially lethal complication. The 
incidence of postoperative hemorrhage is similar in both endo-
scopic and open approaches and ranges from 3 to 14 % [ 47 ]. Often 
there will be a small amount of  bleeding  , but signifi cant bleeding 
from a major artery in the larynx can result in aspiration of blood 
into the airway. Because TLM patients typically do not undergo a 
tracheotomy, endolaryngeal bleeding is especially concerning due 
to the risk of blood loss, aspiration, and hypoxia. It is thus recom-
mended that larger vessels are clipped rather than cauterized intra-
operatively. In the case of a severe postoperative bleed, it is critical 
to secure the airway, either by endotracheal intubation or by 
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performing an urgent tracheostomy, followed by operative control 
of hemorrhage. 

 Airway obstruction is uncommon, as resection of the tumor 
generally provides an airway that is more widely patent following 
surgery. Since the neck is not incised, there is much less postopera-
tive swelling and edema that characterizes open surgical proce-
dures on the larynx. However, prolonged tongue retraction and 
compression during long operations can result in  soft tissue isch-
emia   and in tongue edema postoperatively. Additionally, prolonged 
displacement of the tongue by the laryngoscope during surgery 
can cause temporary lingual or hypoglossal paresis. In cases lasting 
more than 1–2 h, periodically releasing suspension to allow  blood 
fl ow   to the tongue markedly decreases the likelihood of developing 
postoperative tongue swelling or nerve dysfunction. The neuropa-
thy caused by retraction is temporary and generally resolves over 
several weeks. 

 Aspiration can be caused by extensive resection, preexisting 
laryngeal impairment, advanced age, or poor health. Preoperative 
and postoperative assessment to determine the risk for aspiration is 
necessary to prevent development of aspiration pneumonia. Other 
complications encountered include mucosal burns of the lips, oral 
cavity, or oropharynx, dental injuries (loosened or chipped teeth), 
infection, dysphagia, chondroma or granuloma formation, and air-
way fi res or burns.  

   Future Directions/Challenges 

 The functional and oncologic effi cacy of TLM  for   early stage glottic 
lesions has been proven and is now well accepted as an effective 
treatment approach. Along with transcervical surgery, SCPL-CHP, 
and external beam radiation, it is an important piece of the surgeons’ 
armamentarium against laryngeal carcinoma. There are extensive 
data on oncologic control and increasing data on voice outcome. 

 There is a steep learning curve for TLM. One of the keys to 
successful TLM surgery is exposure of the larynx, which requires 
both an adequate assortment of laryngoscope and advanced endos-
copy skills. Additionally, time must be dedicated to becoming skill-
ful at using the laser and microscope, whether it is with a 
micromanipulator or a handheld fl exible fi ber.  T  LM also necessi-
tates an understanding of the detailed anatomy of the larynx from 
the “inside out.” It requires the surgeon to be able to visualize and 
three dimensionally reconstruct endoscopic views. 

 An additional challenge of TLM is that it is diffi cult to teach to 
surgeons-in-training. The tactile feedback of dissecting tissues with 
the laser can only be honed with experience. Additionally, it can be 
diffi cult to maintain orientation of the three-dimensional (3-D) 
fi eld when surgeons take turns alternating visualization through 
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the primary lens. Visualization in a teaching arm or two- dimensional 
monitor does not capture the same views, and it is thus diffi cult to 
ensure oncologic resection. 

 Over the last decade,  transoral robotic surgery (TORS)      has 
emerged as a treatment option, with the ultimate goal of optimizing 
oncologic management while even further reducing treatment mor-
bidity. Hockstein et al. demonstrated the ability of the robot to pro-
vide 3-D images through a dual endoscope mechanism within 
laryngeal mannequins [ 53 ]. Weinstein and O’Malley subsequently 
showed effi cacy in humans with supraglottic laryngectomy and par-
tial pharyngectomy [ 54 – 56 ]. In addition to 3-D images, robotic 
instrumentation provides a wide range of motions unavailable with 
traditional endoscopic instruments, scaling of movement, where 
large movements of the hands produce only small movements in the 
robotic instruments, and robotic dampening of hand tremors. 
Because of the maneuverability of the robotic arms, TORS has a ben-
efi t over traditional transoral laser surgery that is limited by the laser’s 
line of sight. While it is commonly used in the  oropharynx  , it has yet 
to garner widespread acceptance in the larynx, where the ability to 
expose structures and manipulate instruments is limited by the size of 
the currently available robotic arms and the limited available instru-
mentation designed for prostate and gynecologic procedures. As 
advancements in robotics and optics continue to be made, further 
refi nements will expand the indications and uses of robotic approaches. 

 Currently, TLM is a proven, minimally invasive alternative to 
open surgery for T1, T2, and selected T3 tumors of the glottis and 
supraglottis. The results of TLM are comparable to open partial 
laryngectomy procedures and RT in terms of local control and sur-
vival rates. With its low postoperative morbidity, TLM represents 
an attractive means to surgically remove cancer while preserving 
the laryngeal framework. In an era of emphasis on organ preserva-
tion and minimizing the cost of healthcare,  TLM   is an affordable 
option that allows for optimization of functional outcomes with-
out sacrifi cing oncologic principles.     
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    Chapter 5   

 Laser Applications for Nonmalignant Conditions 
of the Larynx                     

     James     A.     Burns       

        Introduction 

 Laryngeal lesions such as papilloma, precancerous dysplasia, and 
vascular malformations can signifi cantly impact voice production 
and patients’ quality of life. These nonmalignant conditions of 
the larynx can disrupt glottic closure patterns and inhibit propa-
gation of the mucosal wave during phonation. Surgical tech-
niques for the management of these lesions have advanced 
exponentially with further understanding of the importance of 
preserving the  superfi cial lamina propria (SLP)      layer and advances 
in surgical technology. Laser applications for nonmalignant con-
ditions of the larynx have allowed for lesions such as papilloma 
and precancerous dysplasia to be optimally treated with maxi-
mum preservation of the underlying layered vocal fold micro-
structure. Photoangiolytic lasers such as the 585 nm  pulsed-dye 
laser (PDL)      and 532 nm  KTP laser   specifi cally target the micro-
vasculature associated with the growth of these nonmalignant 
lesions and offer a fi ber-based delivery system that allows for 
offi ce-based surgery using topical anesthesia. In general, the pri-
mary advantages of laser surgery for nonmalignant conditions of 
the larynx are extreme precision, hemostasis, and selectivity for 
certain tissue “targets” such as blood vessels, without harming 
surrounding tissue. Also, a 2013 nm diode-pumped  thulium   laser 
has been introduced into endoscopic laryngeal surgery for the 
treatment of certain benign conditions. This laser’s chromophore 
is water, allowing for properties of hemostatic cutting on a fi ber-
based delivery system. This chapter will highlight salient princi-
ples of angiolytic laser use in the surgical management of vocal 
fold papilloma, precancerous dysplasia, and microvascular mal-
formations both in the operating room under general  anesthesia 
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and in offi ce-based settings with topical anesthesia. Additionally, 
offi ce-based and microlaryngeal applications of the thulium laser 
in performing endolaryngeal surgery for benign conditions are 
reviewed.  

    Photoangiolytic Lasers: Overview 

 In the 1980s, Rox Anderson [ 1 – 3 ] proposed concepts of selective 
 photothermolysis   that allowed for specifi c targeted damage to cells 
by “suitably brief pulses” of optical radiation based on properties 
of the target tissue. Anderson, a dermatologist, applied selective 
photothermolysis to the development of yellow light (585–
600 nm)  pulsed  -dye laser (PDL) for the treatment of vascular mal-
formations by targeting  oxyhemoglobin   [ 3 ]. This concept 
eventually evolved into two angiolytic lasers: the 585-nm PDL and 
the 532-nm pulsed potassium titanyl phosphate (KTP) laser. These 
wavelengths are precisely selected to target absorbance peaks of 
oxyhemoglobin (~571 and ~541 nm) and can fully penetrate intra-
luminal blood and deposit heat uniformly into the vessel, thereby 
causing intravascular coagulation and “photoangiolysis” of the 
subepithelial microcirculation. The short pulse width is precisely 
selected to contain the heat to the vessel without causing collateral 
damage to the extravascular soft tissue from heat conduction. The 
output of these lasers is transmitted through a thin fl exible glass 
fi ber (≤0.6 mm). 

 When applied to  vocal folds  , the precise coagulation of subepi-
thelial microcirculation within the layered microstructure of the 
phonatory mucosa has since been shown to be an effective strategy 
to treat laryngeal  papillomatosis   [ 4 – 9 ], precancerous dysplasia [ 4 , 
 10 ,  11 ], and microvascular malformations [ 12 – 14 ]. Photoangiolytic 
lasers, which were originally introduced for endoscopic laryngeal 
surgery in 2002 to facilitate microfl ap resection of vocal fold pre-
cancerous dysplasia, are now used routinely in offi ce-based laryn-
geal surgery to involute precancerous dysplasia and papilloma 
without resection [ 4 ,  5 ].  

    Photoangiolytic Lasers (PDL and KTP): Papilloma 

 Laryngeal papillomatosis (or recurrent respiratory papillomatosis, 
RRP) is a benign  neoplastic   process caused by the human papil-
loma virus (usually types 6 or 11) [ 15 ]. This disease remains chal-
lenging because of its propensity to recur after treatment and its 
characteristic location on the vibratory vocal fold surfaces that are 
vital for voice production. Optimal surgical management of papil-
loma includes aggressive ablation of disease to ensure the best 
 possible local disease control along with precision that ensures 
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maximum voice preservation. Photoangiolytic lasers such as the 
PDL and KTP lasers have been shown to effectively eradicate 
papilloma from the vocal fold surface with excellent voice preser-
vation [ 4 – 9 ]. 

 Pilot studies were performed using the 585 nm PDL for laryn-
geal papillomatosis in the late 1990s [ 6 ], followed shortly thereaf-
ter by large-scale investigations [ 4 ,  8 ]. The abundant 
microvasculature present in papilloma is a key feature when consid-
ering photoangiolysis for surgical management of this benign con-
dition. The microcirculation could be targeted to involute the 
papillomatous growth or facilitate its “cold-instrument” resection 
while minimizing thermal trauma to the surrounding soft tissue, 
 superfi cial lamina propria (SLP)     , and epithelium. In theory, this 
would be ideal for maintaining the pliability of the vocal folds’ lay-
ered microstructure (SLP and epithelium) and glottal sound pro-
duction. PDLs have been effective in treating papillomatosis 
without the associated clinically observed soft-tissue complications 
associated with the  CO 2  laser   (thermal damage, tissue necrosis, SLP 
scarring, and anterior commissure web formation). The presumed 
mechanism of disease regression is the selective destruction of the 
subepithelial microvasculature and separation of the diseased epi-
thelium from the underlying SLP by denaturing the basement 
membrane zone-linking proteins. At this point, the papilloma can 
either be completely ablated or carefully resected from the underly-
ing vocal fold layered microstructure. Typical energy settings for 
using the PDL to treat papilloma are 500–570 mJ per pulse and the 
endpoint of treatment is the characteristic white blanching of the 
papilloma which signifi es adequate coagulation of the lesion’s 
 microcirculation  . 

 A potential disadvantage of PDL treatment is that it can be 
diffi cult to accurately quantify the energy delivery and real-time 
tissue effects, despite the fact that this laser is unlikely to cause 
substantial soft-tissue injury to the vocal folds. Furthermore, given 
the extremely short pulse width (approximately 0.5 ms), it is not 
unusual for the vessel walls of the microcirculation to rupture, 
resulting in extravasation of blood into the surrounding tissue. In 
laryngeal lesions such as papillomatosis, the extravasated blood 
diverts the laser energy in the form of a heat sink, which diminishes 
the effectiveness and reduces the selectivity of the laser. 

 Another potential disadvantage of using the PDL to treat pap-
illoma is that the smallest fi ber size that can deliver the laser energy 
is 0.6 mm. This size fi ber can easily cut and traumatize the channel 
of the fl exible laryngoscope during offi ce-based management of 
the disease. This problem has created a need for fi ber sheaths to 
protect the  laryngoscope channel  . Using this additional sheath 
diminishes the usable space within the channel of the fl exible 
 laryngoscope, which is critical for effectively suctioning secretions 
during the procedure. 

Laser Applications for Nonmalignant Conditions of the Larynx



70

 The 532 nm KTP laser overcomes many of the shortcomings 
of the PDL. Its 532 nm wavelength is more strongly absorbed by 
 oxyhemoglobin   than the 585 nm wavelength of the PDL. More 
importantly, the pulse width of the  KTP laser   is much longer than 
the PDL (15 ms as opposed to ~0.45 ms) and is adjustable. The 
longer pulse width distributes the  laser energy   over a time period 
approximately 30 times longer than that the PDL. In theory, this 
slower intravascular heating helps avoid the vessel wall rupture and 
extravasation that would commonly be observed with the PDL. 

 The longer pulse width of the KTP laser also takes advantage 
of the fact that the energy delivery time is less than the thermal 
relaxation time of the tissue. Consequently, there is minimal col-
lateral extravascular thermal soft tissue trauma compared to using 
the same laser in a continuous mode. 

 Other advantages of the KTP laser as compared with the PDL 
are that the KTP laser is a solid-state instrument of which the out-
put can be delivered through even smaller fi bers (for example, 0.3 
or 0.4 mm) and in a continuous wave mode for hemostatic cutting, 
if desired. Typical settings for using the KTP laser to treat papil-
loma are 525–675 mJ of fl uence energy, which are obtained be 
varying the energy between 35 and 45 W at a constant pulse width 
of 15 ms and 2 pulses per second. The endpoint of treatment is the 
characteristic white blanching of the papilloma which signifi es ade-
quate coagulation of the lesion’s microcirculation, and more exo-
phytic areas of disease can be removed to expose the base of disease 
for further treatment. 

 The 585 nm PDL and the 532 nm KTP laser are both 
angiolytic lasers that provide safe and effective surgical manage-
ment for laryngeal papillomatosis under general anesthesia [ 9 ]. 
Clinical results show that the majority of patients with papilloma 
can achieve 90 % or greater disease regression with  Photoangiolytic 
laser surgery   [ 8 ,  9 ]. The fi ber-based delivery system for these lasers 
makes patients with recurrent papilloma candidates for offi ce-based 
management under local anesthesia, thereby avoiding repeat trips 
to the operating room for general anesthesia.  

    Photoangiolytic Lasers (PDL and KTP): Precancerous Dysplasia 

 Precancerous dysplasia of the vocal folds has been related to chronic 
laryngeal irritation and infl ammation. Etiologies include use of 
tobacco, exposure to inhaled irritants, refl ux disease, and infectious 
conditions [ 16 ].  Laryngeal biopsies   may show hyperplasia, kerato-
sis, dysplasia, or carcinoma in situ, and patients should be carefully 
treated and followed up since invasive carcinoma may develop 
many years after the initial presentation. Vocal fold dysplasia has 
been described as localized areas of chalky white elevations on the 
vocal folds’ surface, and designated as keratosis, hyperkeratosis, 
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leukoplakia, and pachydermia larynges [ 17 ]. The phonatory 
mucosa of vocal folds is the laryngeal tissue most susceptible to the 
effects of inhaled irritants or carcinogens. Therefore, surgical man-
agement must consider preservation of  the   SLP and other layered 
microstructure of the vocal fold, especially given that these lesions 
can recur and require multiple treatments. 

 Photoangiolytic lasers such as the PDL and KTP provide safe 
and effective treatment for pre-cancerous dysplasia of vocal folds. 
Even though these lesions typically look white (as opposed to the 
red or speckled appearance of papilloma) they do contain a zone of 
erythroplasia and microvascular angiogenesis that attracts pho-
toangiolytic  laser energy  . Clinical reports in the literature support 
that the 585-nm PDL [ 4 ,  11 ] and KTP laser [ 5 ] both successfully 
involute precancerous dysplasia [ 4 ,  11 ], revealing that 75–100 % of 
the visible disease will involute, and the procedure can be repeated 
as needed. 

 Typical energy settings for using the PDL to treat precancer-
ous dysplasia are 500–570 mJ per pulse, and the endpoint of treat-
ment is the characteristic  white blanching   of the surrounding area 
of the white lesion which signifi es adequate coagulation of the 
lesion’s microcirculation. Typical settings for using the KTP laser 
to treat precancerous dysplasia are 525–675 mJ of fl uence energy, 
which are obtained by varying the energy between 35 and 45 W at 
a constant pulse width of 15 ms and 2 pulses per second. The end-
point of treatment is the characteristic white blanching or “bub-
bling” of the white lesion which signifi es adequate coagulation of 
the lesion’s microcirculation. The ultimate amount of energy deliv-
ered to the target tissue is determined by the fi ber-to-tissue dis-
tance with less of an effect when the fi ber is further away. A distance 
of about 2 mm is optimal for tissue effect using both the PDL and 
KTP lasers, but closer distances including direct contact with the 
lesion can be used.  

    Photoangiolytic Lasers (KTP): Microvascular Malformations 

 Microvascular malformation on vocal folds such as  varices and 
ectasias   are commonly the result of vocal overuse or abuse similar 
to that causing other benign vocal fold lesions such as  nodules and 
polyps  . Despite the structurally stabilizing characteristics of the 
walls of the microvasculature within the SLP, these vessels still 
develop altered conformations that can result in formation of vari-
ces and ectasias [ 12 ,  13 ]. Once present, ectasias and varices have 
been observed to rupture more easily than normal-appearing ves-
sels, thereby causing symptoms of dysphonia. 

 Using  angiolytic lasers   coupled with high-powered magnifi ca-
tion of the surgical microscope offers an ideal treatment strategy 
for ablating microvascular malformations of phonatory  vocal fold 
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mucosa  . This approach allows for the involution of aberrant micro-
circulation in a noncontact mode without disturbing the overlying 
epithelium and without creating thermal injury with subsequent 
scarring of the delicate vocal fold [ 14 ]. 

 Although both angiolytic lasers (PDL, KTP) can effectively 
coagulate microvascular malformations, the 585-nm PDL 
potentially causes vessel wall disruption and rupture. This was 
presumed to be due to the violent percussive effect of the short 
pulse width of the PDL [ 13 ]. The longer pulse width of the 
KTP laser (15 ms) potentially distributes the laser energy over a 
time period approximately 30 limes longer than that of the PDL 
and allows for substantially more effi cient and effective intravas-
cular coagulation through slower intravascular heating without 
thermal injury to the vocal fold’s layered microstructure. Typical 
settings for using the KTP laser to treat microvascular malfor-
mations are 400–525 mJ of fl uence energy, which are obtained 
by varying the energy between 33 and 35 W at a typical pulse 
width of 15 ms and 2 pulses per second. Longer pulse widths up 
to 25 ms can be used when attempting to coagulate larger 
lesions, with more uniform heating of the vessel over a longer 
time leading to less rupture [ 18 ]. Table  1  summarizes the laser 
parameters used for KTP laser treatment of various non-malig-
nant lesions of the larynx.

       Hemostatic and Cutting Lasers (Thulium) 

 The thulium laser is a  diode-pumped solid-state laser   that has a 
thulium-doped  YAG laser rod  , which produces a continuous 
wave beam with a wavelength of 2.013 μm. This wavelength has 
a  target chromophore   of water and therefore simulates the hemo-
static cutting properties of the  CO 2  laser   [ 19 ]. Similar to a CO 2  
laser, effi cient absorption of this laser’s radiation by water facili-
tates its cutting and dissection characteristics. However, unlike a 
CO 2  laser, the energy is delivered by means of a fi ber, which 
allows for tangential endoscopic dissection. The thulium laser can 

   Table 1  
  KTP laser parameters for treating nonmalignant  laryngeal   conditions   

 Energy (W)  Pulse width (ms)  Pulses/s 
 mJ delivered at 
fi ber tip (mJ) 

 Papilloma  35–45  15  2  525–675 

 Dysplasia  35– 4  5  15  2  525–675 

 Microvascular malformations  30–35  15–25  2  400–525 
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therefore be used to perform a number of endoscopic partial lar-
yngectomy surgeries to remove benign laryngeal lesions. Typically, 
this involves removal of a variety of  submucosal   lesions such as 
cysts, congenital lesions, and connective  tissue neoplasms  . The 
thulium laser is also an effective ablator of  laryngeal papillomato-
sis   that involves the supraglottis or other nonvibratory areas of 
the vocal folds. 

 Although potentially causing more thermal damage on the 
soft tissues during cutting as compared with the CO 2  laser, the 
degree of thermal damage has not been shown to be excessive 
[ 19 ]. Typical settings of the thulium laser for  hemostatic cutting   
with the larynx or ablating neoplasms on non-vibratory vocal 
fold tissue are 5–7 W of continuous cutting. The thulium laser 
can also be used through the side-port working channel of a fl ex-
ible  laryngoscope   to perform ablation of a variety of benign and 
malignant epithelial lesions of the larynx in an offi ce-based set-
ting with topical anesthesia. The clinical indication for use of the 
thulium laser in this way can damage the delicate layered micro-
structure of  phonatory membranes  , so care must be taken to 
properly select patients who require less selective debulking of 
their disease [ 19 ].  

   Experiments Determining Laser Parameters for Photoangiolytic and Hemostatic/
Cutting Lasers 

 A series of experiments evaluating the performance of photoangio-
lytic and hemostatic/cutting lasers in the same surgical model 
(chick chorioallantoic membrane or CAM [ 20 ]) helped to deter-
mine the laser parameters used for  laryngeal   lesions [ 18 ]. The 
results from this work can assist surgeons in selecting the appropri-
ate laser and settings for a specifi c task and lesion. Since the inher-
ent utility of any laser (or even the decision to use a laser) depends 
on a surgeons’ perceived value for the clinical scenario, a thorough 
understanding of a laser’s capabilities and limitations is helpful. 
This includes considerations of optimal thermal effect, energy out-
put, tissue specifi city, delivery system, hemostatic effect, cutting 
capability, and depth of penetration (among others). Other factors 
infl uencing the selection of a particular laser include the lesion, 
laryngeal site, and the treatment goal (selective photoangiolysis or 
cutting/ablation). Comparative experiments between KTP and 
PDL lasers using the chick  chorioallantoic membrane   to simulate 
vocal fold microvasculature reveal several advantages of the KTP 
laser over the PDL [ 20 ]. The longer pulse width of the KTP laser 
(15 ms) as compared to the PDL (~0.5 ms) created better coagula-
tion and diminished vessel rupture, which had been experienced 
clinically with the PDL. 

Laser Applications for Nonmalignant Conditions of the Larynx



74

 To determine the pulse width and power settings of the KTP 
laser that reliably produce vessel coagulation with and without 
cooling in larger vessels that simulate varices and ectasias, third 
order CAM vessels (0.5–0.98 mm) were targeted. Pulse width and 
power settings were varied through a range of energy outputs until 
optimal parameters were identifi ed that reliably produced coagula-
tion as opposed to rupture of the target vessel. Results showed that 
coagulation of  microvascular malformations   that are larger than 
normal, such as varices, is not expected to occur at pulse-width and 
power settings similar to those that effectively coagulate smaller 
caliber vessels [ 20 ]. This is seen clinically as a higher rupture rate 
when larger vessels are targeted during the treatment of papilloma, 
pre-cancerous dysplasia, and microvascular malformations. 
Coagulation of larger vessels (>0.5 mm) theoretically requires lon-
ger pulse-widths because temperature gradients around large ves-
sels may result in local under heating of the  intraluminal blood   
unless energy is delivered over a longer period of time [ 18 ]. 

 A range of pulse width and power settings that reliably achieved 
vessel coagulation was identifi ed, with no vessels were reliably 
coagulated at a pulse-width shorter than 35 ms, even at high 
power, and rupture occurred when the pulse-width was increased 
to 100 ms, even at low power [ 18 ]. As the power is increased at 
shorter pulse-widths (<35 ms), vessels are more likely to rupture 
than coagulate, and vessels also rupture as the pulse-width 
approaches a continuous mode even at very low power. Based on 
these results, a pulse width of 15 ms for the KTP laser is used with 
optimal coagulation during surgery for most benign laryngeal 
lesions. 

 To determine the optimal power settings for clinical use of the 
thulium laser, two pulses of laser energy were delivered to the 
CAM model with and without tissue cooling at a 20 ms pulse dura-
tion and a rate of 1 pulse per second with power settings of 2, 4, 
and 10 W [ 18 ]. Results showed that increasing the energy output 
through settings of 2, 4, and 10 W created greater thermal-damage 
zones. While only a minimal effect on the CAM was observed at 
the 2 W power setting, the thermal effect increased dramatically at 
4 and 10 W [ 18 ]. 

 This experiment demonstrated that the thermal-damage zone 
of the thulium laser is signifi cant and that cooling the CAM effec-
tively reduced this area [ 18 ]. The information obtained in this 
study allowed direct comparison of the zone of thermal damage 
created by each laser utilizing optimal clinical settings for  hemosta-
sis  , with and without cooling, and provided guidelines for predict-
ing tissue effects for surgeons who select these tools for laryngeal 
use. Based on these results, the recommended clinical settings for 
the thulium laser during  endolaryngeal surgery   are 5–7 W of con-
tinuous cutting with concurrent use of a cooling system.  
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    Offi ce-Based Laser Surgery of Benign Laryngeal Conditions 

 The primary reason that the endolaryngeal treatment of nonmalig-
nant lesions of the larynx is usually performed in the operating 
room is for the administration of general  anesthesia  . This approach 
allows for precise and optimal management of the primary goals, 
which are diagnostic accuracy, regression of disease, and voice res-
toration. Some patients with recurrent vocal fold dysplasia and 
papillomatosis are followed with known disease until the adverse 
effects of the lesions’ growth justifi es the morbidity and costs of 
the surgical intervention. Essentially, readily observed disease is 
followed until one or more factors justify a decision to abandon the 
watchful-waiting model to embark on surgical intervention. These 
factors include airway restriction, voice deterioration, and worri-
some appearance on clinical laryngoscopy. The fi ber-based delivery 
of photoangiolytic provides the option of offi ce-based manage-
ment with topical anesthesia. 

 In 2002, offi ce-based laser surgery using the PDL with local 
anesthesia for nonmalignant laryngeal lesions such as papilloma 
and dysplasia was fi rst reported in the literature [ 4 ]. Offi ce-based 
surgery with the PDL was often associated with procedural  bleed-
ing  , which limited precision in a number of ways [ 4 ,  5 ]. Extravasated 
blood obscured visualization of the operative fi eld and often pre-
cipitated coughing, both of which diminished the ability to pre-
cisely apply laser energy. This common sequence of events limited 
the effectiveness of the PDL by diminishing its selectivity for the 
disorder. The laser energy was inevitably absorbed by free blood, 
which was primarily on the surface of the epithelial lesion rather 
than in the sublesional or intralesional microcirculation. These fac-
tors reduced effi ciency, which is important during the therapeutic 
window of local anesthesia of approximately 30 min with topical 
administration of  lidocaine  . 

 This type of bleeding that is particularly problematic in awake 
patients during offi ce-based surgery is more likely to occur with 
the PDL due to its extremely short pulse width (approximately 
0.5 ms). When blood within the vessel lumen heats too quickly, 
and not uniformly, vessel wall rupture can occur before complete 
intravascular coagulation. Thus, there is a narrow zone of optimal 
fl uence to achieve complete intravascular coagulation, which is 
dependent on fi ber-to-tissue distance, as well as the energy settings 
for each pulse. Offi ce-based surgery with  photoangiolytic lasers   
under local anesthesia through a fl exible laryngoscope is unavoid-
ably complicated by a moving laryngeal target. Furthermore, fi ber- 
to- tissue distance cannot be determined accurately in the 
patient-awake setting, so tissue effect from the lasering is less pre-
cise. Although somewhat better for the KTP laser (in terms of the 
KTP laser being less likely to create rupture than the PDL), the 
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lack of precision limits the offi ce-based applications of photoangio-
lytic lasers to epithelial diseases involving neoplasms such as papil-
loma and precancerous dysplasia [ 5 ]. Studies have shown that 
patients tolerate offi ce-based lasering with topical anesthesia quite 
well [ 4 ,  5 ,  21 ]. Microvascular malformations would likely rupture 
too readily (as often happens during their management in the 
operating room under general anesthesia) and are therefore not 
optimally treated in the offi ce setting. 

 The surgical learning curve that exists in determining tissue 
effects of angiolytic lasers is diffi cult to determine and caution dic-
tates that initial use of these lasers to treat papilloma and precan-
cerous dysplasia be done in the operating room. In this way, 
variables such as patient movement during respiration and swal-
lowing and patient tolerance to secretions and the overall proce-
dure are controlled. Keeping a greater fi ber-to-tissue distance 
initially also helps the surgeon gradually learn the laser effect on 
tissue. The fi ber can be slowly advanced to the lesion with each 
pulse until the optimal degree of coagulation or ablation is being 
achieved. This approach limits the primary potential morbidity of 
treating any noncancerous lesion of the vocal fold and scarring of 
the  superfi cial lamina propria (SLP)  . 

 There are a number of limitations with the fl exible laryngo-
scopic approach. A specimen for histopathologic analysis is not 
obtained routinely as part of the decision-making process for 
treatment. This is considered to be acceptable for a number of 
reasons. Most importantly, all patients have previously under-
gone microlaryngoscopic biopsies in the operating room and the 
indication to obtain further postlaser intraoperative biopsies or 
treatment remained unchanged, based on laryngoscopic appear-
ance during the offi ce examination. Therefore, if the post-treat-
ment clinical examination improved so that transparent 
normal-appearing epithelium was observed, a biopsy was unnec-
essary. However, if there was insuffi cient resolution or response 
to treatment after 3–4 weeks, the intraoperative option remained 
available. It is highly unlikely that there would be a clinically 
unrecognized new malignancy given the previous non-cancerous 
biopsy results and even less likely that a delay of several weeks 
would have a deleterious effect on long-term outcome. Another 
disadvantage of the local- anesthesia approach is that this treat-
ment pathway may lead ultimately to more procedures [ 4 ,  5 ]. 
This is mainly because the threshold for intervention is decreased 
commensurate with the diminished morbidity associated with 
local anesthetic treatment. In addition, individual offi ce-based 
operations are generally less effective compared with operative 
procedures under general  anesthesia  . The surgeon is understand-
ably less aggressive using   photoangiolytic lasers   with local anes-
thesia because of reduced visual precision and the fact that the 
vocal folds are moving.  

 James A. Burns
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    Summary 

 Since their introduction in laryngeal surgery over 40 years ago, lasers 
have facilitated critically important innovations, such as in the surgi-
cal management of nonmalignant laryngeal lesions. These advances 
have accommodated well to the specialty of otolaryngology—head 
and neck surgery. Lasers discussed in this chapter (PDL, KTP, 
Thulium) can provide new platform technologies that will likely 
lead to the enhanced treatment of a number of benign (and malig-
nant) laryngeal disorders. There is an expanding acceptance for 
performing fi ber-based laser surgery by means of local anesthesia in 
the clinic or offi ce, especially for chronic diseases such as papilloma 
and precancerous dysplasia.     
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    Chapter 6   

 Laser Myringotomy                     

     Alexander     Blödow       

        Anatomical Considerations and Historical Overview 

 The middle ear is an anatomic space medial of the  eardrum   which 
contains the  ossicular chain   and is covered with middle ear mucosa. 
It is aerated by the  Eustachian tube   in order to equalize the mid-
dle ear pressure to the normal environmental air pressure. The 
eardrum (synonymous to tympanic membrane) and the ossicular 
chain provide the transmission of sound energy to the inner ear, 
and their normal function is crucial for good hearing. Dysfunction 
of middle ear aeration results in reduced middle ear pressure and 
in its chronic situation fosters transformation of the respiratory 
middle ear mucosa to mucus-producing epithelium. This leads to 
a higher impedance of the sound transmitting system, as the 
reduced vibrational capability of the  eardrum   and the ossicular 
chain results in conductive  hearing loss   of variable extent. This 
problem can be resolved by creating a perforation in the  tympanic 
membrane   which has to remain patent for a couple of days to 
weeks. The procedure is called “myringotomy” and was fi rst 
described in the seventeenth century by Riolan, who by accident 
penetrated the tympanic membrane and induced hearing improve-
ment [ 1 ]. In 1800, Sir Astley Cooper published indications of 
myringotomy in the case of Eustachian tube dysfunction. In order 
to avoid damage to the ossicular chain, he suggested the anterior 
inferior part of the tympanic membrane to be best for puncturing 
and developed an instrument to perform myringotomy precisely 
[ 2 ]. In the following years, the widespread but uncritical use of 
myringotomy failed to gain hearing improvement in most cases, 
and the method fell into oblivion. In 1868, Hermann Schwartze 
clarifi ed the indications when he proposed only persistent middle 
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ear effusion or painful  acute otitis media   as cases suitable for myr-
ingotomy [ 3 ]. Already in the century, it turned out that the 
patency of the perforation was often too short to cure certain 
middle ear diseases. Many attempts have been undertaken to pro-
long the healing  process of the tympanic membrane, e.g. applica-
tion of foreign bodies like horsehairs or sulfuric acid in or on the 
perforation. In 1867 a galvanic device to perform thermic perfo-
rations was introduced, and in 1868, Politzer published the use of 
rubber tubes which were seated into the perforation [ 4 ]. All these 
methods were not successful and myringotomy was abandoned. 
In 1954, Armstrong reintroduced myringotomy with grommet 
insertion into the tympanic membrane as contemporary treatment 
of chronic middle ear effusion, and in 1978, Saito reintroduced 
burn perforations with tympanic membrane healing patterns of up 
to 6 months [ 5 ,  6 ]. In 1978, Wilpizeski introduced the  CO 2  laser   
for myringotomy in squirrel monkeys, and in 1982, Goode was 
the fi rst who introduced the CO 2  laser for myringotomy in humans 
[ 7 ,  8 ]. Since then, different laser and application systems for irra-
diation of tympanic membrane were launched in order to create a 
perforation with reliable handling and low risk in terms of inner 
ear damage.  

    Indications for Laser Myringotomy 

 Currently, there are different indications to create a perforation in 
the tympanic membrane in order to aerate the middle ear:  acute 
otitis media (AOM)     ,  otitis media   with effusion (OME), and 
middle ear  barotrauma   after hyperbaric oxygen therapy/scuba 
diving/airplane traveling (Fig.  1 ). The most important principle 
in treating all these conditions is ventilation of the  tympanic cavity  . 
By means of laser myringotomy, this can be achieved through a 
self- healing perforation.

   AOM is one of most common diseases especially in early child-
hood and often treated with  antibiotics  . It is painful, it can cause 
conductive  hearing loss   and sometimes be complicated by affection 
of the inner ear with  sensorineural   hearing loss and vertigo. 

 A persistent Eustachian tube dysfunction, viral or bacterial 
load of the middle ear, disturbances of immune system, as well as 
genetic and environmental factors can lead to chronic otitis media 
with effusion (OME), which is the most common cause of  hearing 
loss   in young children. In some cases, chronic OME can also evolve 
from AOM. If after a 3–4-month surveillance period OME has not 
resolved spontaneously, surgical treatment is recommended in 
order to facilitate drainage of middle ear effusion [ 9 ]. The accepted 
standard surgical procedure is a conventional incisional knife 
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myringotomy and insertion of  ventilation tubes  . The procedure is 
frequently performed under general anesthesia with or without 
additional adenoidectomy/tonsillotomy and has to be repeated in 
some cases for multiple times [ 10 ]. Since tube insertion may cause 
a certain number of adverse effects (persistent perforations, atro-
phic scars, purulent otorrhea, granulation tissue), it is important to 
verify its effectiveness [ 11 ]. Therefore, adenoidectomy with myrin-
gotomy was recommended as fi rst-line therapy for children with 
chronic OME 4 years of age and older [ 12 ]. In order to avoid 
general anesthesia and insertion of ventilation tubes,  CO 2  laser   
myringotomy was introduced as an option for offi ce-based ventila-
tion under topical anesthesia [ 13 ]. 

 Barometric pressure changes like in  hyperbaric oxygen therapy 
(HBO 2 )  , descend underwater diving, or airplane traveling can 
cause middle ear disorders. In a hyperbaric environment, the nega-
tive pressure in the middle ear cavity in relation to the surround-
ings leads to a congestion of the  tympanic membrane   with ear 
bleeding and to conductive hearing loss due to transudate accumu-
lation leaking from the  middle ear mucosa  . In scuba divers, middle 
ear barotrauma is more prevalent than inner ear barotrauma and 
can occur in up to 45 % 24 h after a dive [ 14 ]. In HBO 2  therapy, 
the cumulative risk to experience middle ear barotrauma is up to 
36 % and the indication for VT insertion up to 14 % [ 15 ]. Laser 
myringotomy provides temporary middle ear ventilation, which 
offers signifi cant potential benefi ts for patients since the procedure 
is tolerated without complications and patients can immediately 
return to HBO 2  treatment [ 16 ].  

  Fig. 1     CO 2  laser   myringotomy (OPMI11/fl ashscanner, 5 W/0.2 s) in patient with 
OME, normal thickness of tympanic membrane; middle ear secretion was 
irrigated (×12)       
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    Requirement for Laser Myringotomy System 

 Laser systems suitable for laser myringotomy should have optical 
properties which ensure reliable transmission of the emitted laser 
light to the  eardrum tissue  . The laser has to be powerful and dif-
ferent application systems should be available, which are reliable in 
handling and have to work precisely in order to create a defi ned 
perforation. In clinical settings, the use of a laser system should be 
at least as secure for the structures of the middle and inner ear as 
the use of a knife in conventional incision myringotomy. All laser 
systems are of considerable cost, but laser myringotomy is not an 
expensive procedure as the equipment is commonly used also for 
 laryngeal   or ear surgery [ 17 ]. 

 In literature, the laser most used frequently for myringotomy 
is the  CO 2  laser  . According to the high water content of the 
tympanic membrane, a CO 2  laser with a wavelength of 10,600 nm 
is highly suitable. CO 2  laser systems can either be connected to 
an operating microscope or to a laser  otoscope  . In order to cre-
ate a hole of adequate size for patency, the laser spot can be 
defocused or a laser scanning system can be interconnected. 
These systems work in a noncontact mode. To a lesser extent, 
also  diode lasers   and erbium:YAG  lasers   have been used for myr-
ingotomy. Diode lasers with a wavelength of 810 to 980 nm 
have a high absorbance in pigmented molecules ( hemoglobin  ). 
They can be transmitted via fi ber-optic cables and work usually 
in contact mode when cutting or vaporization is needed; good 
coagulative properties have been observed in noncontact mode. 
The erbium:YAG  laser   is a pulsed, athermic crystal laser with a 
pulse duration in the microsecond range. Its short pulse dura-
tion and high peak power cause photoablation of tissue. The 
mechanism of ablation in erbium:YAG laser is based on the fact 
that its wavelength (2940 nm) hits the peak of optimal light 
absorption in water.  

    Tympanic Membrane Model for Laser Myringotomy 

 In order to examine ablative effects of different lasers or laser 
application systems and to determine power settings and thresh-
old energy levels, laser myringotomy can be studied in animal 
models. Formalin-fi xed human  cadaveric eardrums   lose water dur-
ing fi xation, and since most laser systems for myringotomy have 
high absorbance in water, fi xed eardrums are less suitable for such 
investigation. Also  tympanic membrane   thickness has to be con-
sidered; since the average human tympanic membrane is about 
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100 μm thick, animal models like mouse, rat, or guinea pig are 
inappropriate because their membrane thickness of 25–50 μm is 
considerably lower. Most suitable for experimental purposes is 
freshly harvested unfi xed horse tympanic membrane. It is compa-
rable in size, thickness, and histomorphological structure. 
Perforation diameters in relation to applied  CO 2  laser   power cor-
relate between human tympanic membrane and horse tympanic 
membrane in the same manner (Fig.  2 ). Optimum parameters for 
laser myringotomy can be obtained from the point where the 
curve starts to saturate (Fig.  3 ). These parameters can then be 
transferred for use of laser  systems on the  eardrum   in vivo [ 18 , 
 19 ]. Furthermore, it is possible to examine changes according to 
laser irradiation in histological and electron microscopy studies in 
animal model (Figs.  4  and  5 ).

          Parameters for Laser Myringotomy 

 In several clinical studies, different lasers and application systems 
have been used. Table  1  summarizes delivery parameters including 
power settings, pulse durations, spot size, and number of single 
shots for laser myringotomy. Parameters should to be suffi cient in 
order to create a hole with only one shot (Figs.  6  and  7 ).

  Fig. 2    Correlation of power density (W/cm 2 ) and perforation diameter (μm) for CO 2  laser myringotomy 
( operation microscope/MicroSlad ® , focused spot size 700 μm, power settings 1–14 W, 0.05 s) in formalin- 
fi xed human tympanic membrane (  red squares   ) and unfi xed horse tympanic membrane (  black dots   )       
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  Fig. 3    Correlation of power density (W/cm 2 ) and perforation diameter (μm) for  CO 2  laser   myringotomy (OPMI11/
MicroSlad®) with focused technique (spot size 700 μm) and defocused technique (spot size 1800 μm) in unfi xed 
horse tympanic membrane ( open squares  = focused,  black dots  = defocused); power settings for one-shot 
myringotomy are 5 W, 0.05 s/~1000 W/cm 2  (focused), and 32 W, 0.05 s/~1000 W/cm 2  (defocused)       

  Fig. 4    Histological examination of a  CO 2  laser   myringotomy (5 W, 0.150 ms) in 
formalin-fi xed human tympanic membrane stained with azan. Perforation mar-
gin shows carbonization dust ( black marginal spots ) and a coagulation zone of 
100 μm ( red ), adjacent to damaged tympanic membrane tissue unchanged nor-
mal collagen fi bers ( blue ) (×40)       
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  Fig. 5    Scanning electron microscopy of a CO 2  laser myringotomy in formalin- 
fi xed human tympanic membrane (25 W, 0.1 s),  inset : direct view on irradiated 
area at perforation margin, which appears molten; normal layers of collagen 
fi bers are indiscernible (×200/×400)       

         Healing Patterns and Patency After Laser Myringotomy 

 Tympanic membrane perforations performed with  CO 2  lasers   in 
patients show a typical healing pattern. In a fi rst stage, perforation 
margins show thickening and hyperemia, followed by generation of 
an onion skin-like membrane of keratinized material. It was con-
fi rmed in histologic studies that CO 2  laser myringotomies begin to 
close when the proliferating squamous epithelium reaches the edge 
of the perforation [ 29 ]. This proliferating keratinous membrane is 
formed at the perforation edge adjacent to the umbo, thus covering 
the perforation gradually and leading to eccentric residual perfora-
tion at the former myringotomy site. These parts of the tympanic 
membrane are then shifted in centrifugal way (from umbo toward 
the periphery) by epithelial migration. Carbonization dust from the 
former myringotomy site can be found in the external  auditory canal   
in some patients at long-term follow-up [ 30 ]. For  diode laser   appli-
cations, it was shown that healing proceeded also from an initial 
onion-like productive scarring and ended up with an atrophic 
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   Table 1 
  Power settings for different laser and application systems in laser myringotomy   

 Study  Laser 
 Optical 
delivery device  Laser settings  Focus/application/perforation size 

 Silverstein [ 20 ]  CO 2   MicroSlad ®   1–4 W, 0.1 
s/20 W 

 Focused 0.65 mm/defocused 2.2 
mm/2 mm (OME) 

 Cohen [ 21 ]  CO 2   OtoScan ®   10–30 W  1.6–2.6 mm (OME) 

 Coma [ 22 ]  CO 2   MicroSlad  0.8–1 W, 0.1 s  Spot 0.18 mm, multiple, circular orifi ce 
(OME) 

 Sedlmaier [ 23 ]  CO 2   OtoScan ®   20 W, 0.08 s  Multiple, 1.4 mm (AOM) 

 Sedlmaier [ 23 ]  Er:YAG  Otoscope  100 mJ, 0.025 s  500 μm focus, 15 shots, circular, 2 mm 
(OME) 

 Sedlmaier [ 23 ]  CO 2   OtoScan ®   12–15 W, 0.18 s  Focused, single, 2.2 mm (OME) 

 Prokopakis [ 24 ]  CO  MicroSlad ® /
AcuSpot ®  

 1.5 W, 0.2 s  Focused 0.65 mm, multiple, rosette 
circular (OME) 

 Cotter [ 25 ]  CO  OtoScan ®   18–28 W  Single to multiple, 2.4 mm (AOM/OME) 

 Koopmann [ 26 ]  CO 2   Flashscanner  7–20 W  1.8–2.6 mm (OME) 

 Zanetti [ 27 ]  Diode  Fiber  18–35 W, 0.1 s  Contact mode, tip 0.6, three shots, 
1.8 mm (OME) 

 D’Eredita [ 28 ]  Diode  Fiber  2 W, 0.5 s  Contact mode, fi ve pulses, 2.5 mm 
(OME) 

 Lee [ 17 ]  CO 2   AcuSpot ®   11–20 W, 
0.10–0.15 s 

 Single, defocused pulse <2.5 mm (OME) 

   OME  Otitis media with effusion,  AOM  acute otitis media  

  Fig. 6    CO 2  laser myringotomy in unfi xed horse tympanic membrane with one shot of suffi cient power settings 
(OPMI11/MicroSlad ® , 10 W, 0.05 s), small zone of carbonization, which appears as black dust on the perforation 
margin, followed by a ~100 μm zone of coagulation (denatured collagen fi bers =  gray ); perforation diameter 
corresponds to 700 μm (×40)       

 



87

membrane in the former perforation area. In long-term follow-up, 
this scar was barely noticeable in almost all treated eardrums [ 27 ]. 

 In order to treat AOM, OME, and barotrauma, patency time 
of tympanic membrane perforation after laser myringotomy has to 
be suffi cient to regain normal middle ear ventilation. Patency time 
can be infl uenced by the use of different laser and application 
systems and their delivery parameters, which might predict tympa-
nostomy size. 

 In CO 2  laser myringotomy, Silverstein observed a direct 
correlation of patency time and tympanostomy size (1 mm/2 
weeks, 1.5 mm/3 weeks, >2 mm/4 weeks) [ 20 ]. Cohen reported 
comparable data with closure time of 2–3 weeks after 1.6–2.6 mm 
myringotomies as did Coma with 30–40 days following 2–2.5 mm 
myringotomies [ 21 ,  22 ]. Sedlmaier found a mean closure time of 
16 days for 2 mm perforations, although in patients submitted to 
additional adenoidectomy without  tonsil surgery  , perforation 
closure was slightly but signifi cantly slower [ 23 ,  30 ]. Prokopakis 
created perforations of 2–2.5 mm size with an overall patency time 
ranging from 1 to 7 weeks (average 2.52 weeks). In a separate 
analysis, children with allergy or thick tympanic membrane and/or 
 glue ear fl uid   had an average patency time of 3.2 weeks compared 
to nonallergic children or subjects with normal tympanic membrane 
with 2.1 weeks. A dependency between size and patency was not 
found [ 24 ]. In a study of Cotter, age, sex, microorganisms isolated, 
myringotomy size, laser power setting, and laterality did also not 
predict outcome [ 25 ]. Kuo found  Streptococcus pneumoniae  to be 
the most common pathogen in persistent AOM. The average 

  Fig. 7    CO 2  laser myringotomy in unfi xed horse  tympanic membrane  , laser spot 
size of 2100 μm (OPMI11/fl ashscanner); power density (<1000 W/cm 2 ) was too 
low in order to create a hole within irradiated area; the perforation in the center 
corresponds to a diameter of 600 μm (×15)       
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eardrum healing time was signifi cantly longer in those patients with 
positive cultures (22 days) than in those with negative cultures 
(16 days) [ 31 ]. 

 In  diode laser   myringotomies, Zanetti showed that patency 
time ranged from 7 to 25 days (average 15 days) as smaller holes, as 
expected, healed earlier. The dimensions of the opening were infl u-
enced by power setting (18 vs. 35 W) and by the number of shots 
(1–6 shots) [ 27 ]. D’Eredità performed a perforation size of 2.5 mm 
with a diode laser. 50 % of perforations stayed open for 3.5 months, 
while this interval was prolonged to 6 months by insertion of a 
ventilation tube [ 32 ]. With the erbium:YAG  laser   otoscope, perfo-
rations of 2 mm diameter healed within 2 weeks and showed no 
atrophic scar formation at 6 months’ follow-up [ 33 ].  

    Effi cacy of Laser Myringotomy in Acute and Chronic Otitis Media 

 Conventional knife myringotomies heal within 2 days, which might 
be suffi cient in AOM but is usually too short to achieve a thera-
peutic effect in OME. Gates et al. have shown that in children 
with OME, effi cacy at 6 months’ follow-up was 60 % for knife 
myringotomy and 10–15 % following additional insertion of 
tympanostomy tubes [ 12 ]. With laser myringotomy of 2–2.5 mm, 
the mean closure time is up to 3 weeks. This will usually be suffi -
cient in most cases of AOM, but not in all OME cases [ 34 ]. The 
use of an  anti- fi broblast agent   such as  mitomycin C   has been shown 
to be ineffective to maintain patency of perforations after laser 
myringotomy in children for a longer time [ 28 ]. Reports of laser 
myringotomy effi cacy differ considerably between study groups. 
In order to prolong middle ear aeration, laser myringotomy can be 
combined with VT insertion. This was investigated by Koopmann, 
who reported effi cacy of  CO 2  laser   myringotomy in OME without 
VT to be only 40 % compared to with VT of 78 %.  Adenoidectomy   
performed in combination with laser myringotomy as well as older 
age had a signifi cantly positive infl uence on the success rate, 
whereas a signifi cantly negative effect was found in patients with 
one or more siblings, parental smoking, and a parents’ history of 
otitis media. No signifi cant effect was found for history of tube 
insertion, sex, ethnic origin, history of adenoidectomy or adeno-
tonsillectomy, season, breast-feeding, cleft palate, and tonsillec-
tomy performed as combined procedure [ 26 ]. Cotter et al. 
presented data following 3 months’ follow-up; overall, laser myrin-
gotomy effi cacy was 43 % with a success rate of 46 % in recurrent 
AOM and 37 % in OME. Average time to myringotomy closure 
was nearly 4 weeks, and treatment failure with reappearance of 
middle ear effusion occurred within 2–7 weeks after the procedure. 
For children who failed initially, they did not offer to repeat the 
procedure. They considered the ideal patient to be a child older 
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than 3 years of age with prolonged unilateral middle ear effusion 
and no other signifi cant  nasal symptoms   [ 25 ]. A high incidence of 
treatment failure for  CO 2  laser   myringotomy in allergic children 
(49 %) was reported by Prokopakis: the addition of adenoidectomy 
did not improve the outcome. In a multivariate analysis on the 
factors related to a poor outcome of CO 2  laser myringotomies, 
they found a positive correlation with a greater thickness of the 
eardrum, with a high viscosity of the middle ear effusion, but could 
not demonstrate any infl uence of the myringotomy size or the laser 
device parameters [ 24 ]. In contrast, laser tympanic membrane fen-
estration in conjunction with adenoidectomy was effective in 
restoring normal middle ear function at 90 days posttreatment in 
more than 80 % of children in a study of Cook [ 35 ]. Garin demon-
strated that a 2 mm CO 2  laser tympanic membrane fenestration 
avoids the need for ventilation tube insertion in 63 % of children 
and 75 % of adults [ 36 ]. Compared with 168 ears operated by 
tympanostomy with tube insertion, Coma showed that laser tym-
panostomy produced similar rates of auditive recovery by one 
month and only 15 % of recurrence of OME by 6 months [ 20 ]. 
Sedlmaier reported treatment failure also in only 15 %; OME 
recurrence was proved to be signifi cantly higher in ears with 
 mucous secretion   (26 %) than with  serous secretion   (13.5 %) [ 30 ]. 
Recurrences were also reported in 40 % of the adult OME patients 
by Cohen and by Marchant within 2 and 3 months, respectively 
[ 21 ,  37 ]. Prokopakis reported a resolution rate of 47 % in adult 
OME and 100 % in adult AOM [ 38 ]. Deutsch demonstrated that 
a larger tympanostomy size and longer duration of fenestration 
patency were associated with greater incidence of cure for both 
AOM and OME [ 39 ]. Lee et al. concluded that laser myringotomy 
as only treatment had no advantage over watchful waiting or spon-
taneous resolution of OME since recurrence within the fi rst 2 
months was nearly 40 %. In their ear-to-ear matched pair analysis 
of 60 children with bilateral OME, effi cacy at 6-month posttreat-
ment was only 46 % in laser myringotomy versus 75 % in combined 
laser myringotomy plus ventilation tube insertion. While combined 
procedure reoperation was signifi cantly less required, the interval 
until reoperation was signifi cantly prolonged, and the need for 
subsequent procedure under general anesthesia was reduced. 
Therefore, with laser myringotomy-assisted ventilation tube inser-
tion under topical anesthesia, frequent laser myringotomy failure 
was overcome, though it was less feasible in young children [ 17 ]. 

 In  diode laser   myringotomy, Zanetti observed an OME recur-
rence in 92 % within 1 month from perforation closure, whereas in 
the group with ventilation tubes, OME recurrence was observed in 
23 % [ 27 ]. D’Eredità confi rmed that postoperative audiometric 
and offi ce evaluations showed resolution of OME in both patient 
groups, diode laser myringotomy and knife myringotomy with 
 ventilation tubes   at 6 months’ follow-up [ 32 ].  
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    Complication Rate of Laser Myringotomy 

 Surgical complications occur only to a minor extent, since in most 
cases the middle ear is fi lled with fl uid according to the disease 
process and laser energy is highly absorbed, so damage of middle 
ear structures can be avoided. Inner ear damage according to noise 
exposure due to laser energy application was reported only for 
repetitive, high-energy laser pulses, which will usually not be nec-
essary for myringotomy in a clinical setting [ 40 ]. Application of 
CO 2  laser energy is performed in “no touch” technique, but also 
the tactile feedback provided by contact techniques is safe for 
trained oto-surgeons. 

 In all, complication rate is low (2–3 %); most studies report 
apparent otorrhea, atrophic scar formation, or persistent perfora-
tion [ 17 ,  30 ]. Otorrhea normally responds to topical  antibiotic   
eardrops. However, myringoplasty for closure of a persistent perfo-
ration is less frequently required than following insertion of venti-
lation tubes. In a  temporal bone   study, it was shown that in laser 
myringotomy, damage of cochlear structures, in particular the 
round window membrane, is most unlikely [ 41 ]. Therefore, laser 
myringotomy is technically straightforward and minimally time- 
consuming, causes little discomfort, and can be easily performed 
under topical anesthesia on outpatient basis.  

    Conclusion 

 Laser myringotomy is a surgical procedure which can be used 
alternatively for temporary  transtympanic ventilation   of the middle 
ear. The feasibility, safety, and acceptance of laser myringotomy 
have been well established in many studies. 

 The CO 2  laser is a versatile instrument, which can be con-
nected to different optical delivery systems in order to create a 
suffi cient perforation.  Diode lasers   show an advantage as they 
deliver energy through a thin  fi ber-optic cable  . The short-term 
functional benefi t of improved hearing is immediate and compa-
rable to conventional knife myringotomy, but long-term results 
with regard to resolution of effusion in glue ears in children and 
adults seem to be intermediate between knife myringotomy and 
tympanostomy with ventilation tube insertion. Selected indica-
tions could comprise situations in which short-time ventilation is 
suffi cient to relieve symptoms, such as purulent AOM and baro-
trauma. Since effi cacy data for laser myringotomy in OME differ in 
literature, the procedure remains a good option for offi ce-based 
ventilation of the middle ear for families and patients where general 
anesthesia is a concern.     
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    Chapter 7   

 Laser-Based Stapes Surgery                     

     Justus     Ilgner      ,     Martin     Wehner     ,     Manfred     Bovi     , and     Martin     Westhofen      

       Introduction and Historical Background 

 Otosclerosis was fi rst described by Antonio Valsalva in 1741 who 
reported a bone alteration of the  stapes   footplate around the  oval 
window  . In 1841 Joseph Toynbee discovered otosclerosis to be 
one of the possible causes of  hearing loss  , as he interpreted the 
cause of the condition by infl ammatory alteration of the middle  ear   
mucosa, periosteum, or ostitis of the promontory wall. In contrast, 
Adam Politzer realized that otosclerosis was a primary disease of 
the  labyrinthine capsule  . His fi ndings were confi rmed by his own 
histologic examinations which showed  osteoblasts and osteoclasts  , 
as well as giant cells in various sections of  pathologic bone   [ 1 ]. 

 The incidence of otosclerosis ranges between 6.1 and 8.3 per 
100,000 and year. On postmortem examinations on human tem-
poral bones, 12.3 % of female and 6.5 % of male specimens showed 
signs of focal sclerosis around the  stapes footplate  . The cause of 
otosclerosis is not fully understood. There is evidence for gender- 
specifi c factors, infl uenced by  estrogen and progesterone   as the 
disease may progress during pregnancy. Consequently, the female-
to-male ratio is about 2– 1 [ 1 ,  2 ]. Recently,  viral infections   have 
been focused as major contributors to the disease, namely measles 
and rubella. There are epidemiological indicators that measles 
seem to play a major role in generating the disease, although 
pathogenetic mechanisms are yet unclear [ 3 ]. 

 First therapeutic trials were performed by Kessel in 1878, 
Bucheron in 1888, and Minot in 1890 by mobilizing the fi xed 
stapes. However, this procedure was only of limited success, as 
refi xation occurred soon after surgery. First experiments in fenes-
trating the promontory or the  labyrinth   were described in 1897 
by Passow and by Bárány in 1911. Following the onset of  micro-
scopic surgery   in the 1950s, Shea fi rst described successful removal 
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of the whole  stapes   and its replacement by a polyethylene stamp 
placed on a piece of vein graft in 1956 [ 4 ]. Later, modifi cations by 
Schuknecht et al. described a handmade prosthesis with a piece of 
connective tissue knotted into a string of 0.2 mm stainless steel 
wire, which was placed in the oval window and attached to the 
long Incus process [ 5 ]. Later, Fisch suggested not to remove the 
whole of the footplate, but to remove its suprastructure and drill 
a hole in its center instead, which acts as a cylinder for a prefabri-
cated alloplastic prosthesis [ 6 ,  7 ]. 

 Sataloff was the fi rst to describe the experimental use of a 
Nd:YAG laser in otosclerosis in humans, although due to poor 
absorption of  laser energy   in bone, his technique with his particular 
laser system was not pursued further [ 8 ]. Better results, leading to 
clinical feasibility for laser use, were obtained with an Argon laser 
by Palva in 1979 [ 9 ] and by Perkins in 1980 [ 10 ]. Since then a 
great variety of laser systems has been used for stapes surgery, both 
in clinical and experimental settings. Although none of the existing 
laser systems show ideal properties, the use of lasers in otosclerosis 
has advanced both safety and reliability of the procedure compared 
to nonlaser operations, making lasers an indispensable tool for the 
otosurgeon.  

   Preoperative Diagnosis and Evaluation of Outcome Following Surgery 

 Among many diagnostic procedures, the most universally used 
are  pure tone audiometry (PTA)      and refl exes of the  stapedius 
muscle   [ 11 ]. The latter provides a more or less “direct” indicator 
for the disease process, as the refl ex arch between auditory nerve, 
brainstem, and stapedial nerve branching off the facial nerve 
shows a distinct pressure change in the outer ear canal due to the 
force exerted by the stapedius muscle on the stapes. As in otoscle-
rosis, the stapes footplate is partially or totally fi xed, the move-
ment of the stapes footplate is altered or absent, which can be 
read from the shape or total absence of refl exes. In postoperative 
follow-up, however, the refl ex cannot be elicited as the stapes 
footplate is either removed or disconnected from its suprastruc-
ture, where the stapedius muscle is attached. 

 Pure tone audiometry (Fig.  1 ) is a subjective diagnostic method 
to assess hearing in awake and cooperative persons. It is measured 
over a frequency range usually between 125 and 8000 Hz in dis-
crete steps, while  hearing loss   is assessed in 5 dB steps relative to 
the hearing threshold of healthy young persons, whose hearing is 
averaged to a baseline of zero. Thus, it provides a relative result in 
sound pressure levels [dB SPL]. Hearing is assessed by the use of 
headphones, requiring a patent and intact outer ear canal, tym-
panic membrane, and ossicular chain, which is summarized under 
the term “air conduction” (AC)   . The same test is performed with 
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a vibrating sounder placed on the region of the mastoid behind the 
ear, thereby transmitting sound through the skull base to the inner 
ear, known as  bone conduction (BC)  . As both stimuli are normal-
ized to the physiological hearing threshold of healthy young adults, 
baseline is at 0 dB for both tests.

   In pure tone  audiometry  , otosclerosis immobilizing the stapes 
footplate is characterized by a gap between the response curve 
from air conduction (AC), which is affected by the fi xation of the 
stapes footplate and therefore the attenuation of sound being 
transferred by the ossicular chain, and  bone conduction (BC)  , 
which is less affected by the disease process in early stages. This 
difference is known as the air-bone-gap. However, another distinct 
feature in audiometry for otosclerosis is known as  Carhart’s notch  , 
which marks a loss in BC around 2 kHz, whereas higher and lower 
frequencies remain less attenuated. This is partially due to a loss in 
transmitting the resonance frequency of the air-fi lled middle ear, 
but mostly caused by the loss of compliance of the inner ear cap-
sule infl icted by the sclerotic process. If, however, the inner ear is 
severely affected, bone conduction loss can progress to an extent 
that Carhart's notch becomes indistinguishable. 

 Outcome in stapes surgery is equally assessed by a variety of 
parameters, most of which rely on pure tone audiometry as well. 
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Generally, the closure of the aforementioned air-bone-gap resembles 
the restored sound transmission over the ossicular chain. As middle 
ear resonance is also transmitted to the inner ear and inner ear 
compliance is restored against the stapes footplate, Carhart’s notch 
disappears, as bone conduction at 2 kHz is restored as well—an 
effect which is known as “ overclosure  .” In addition, unwanted 
effects such as sensory hearing loss of the inner ear hair cells in the 
course of the operative procedure can be seen by a deterioration of 
bone conduction, mostly around 4 kHz which is supposed to rep-
resent the most vulnerable area of the human inner ear. 

 However, when comparing clinical trials in terms of outcome, 
it has to be mentioned that a wide variety in describing hearing 
results makes it challenging, if not impossible, to interpret study 
data. This applies to benefi cial results following surgery as well as 
unwanted hearing loss. For example, in US states data from pure 
tone audiograms are averaged over frequencies between 0.5, 1, 2 
and 3 kHz, while in European countries, octave steps 0.5, 1, 2, 
and 4 kHz are preferred. However, apart from this one example, 
many more parameter settings have been used, which is why rec-
ommendations from the American Academy of Otolaryngology 
have been issued to overcome this inconsistency in the future for 
the US. As for now, hearing outcomes may only be compared 
under defi ned circumstances and doing so requires a certain 
amount of critical judgment.  

   Operative Procedure, Instrumentation, and Laser Application Techniques 

 During surgery, the outer ear canal is visualized, as the  eardrum   is 
folded anteriorly. Thus the middle ear with the ossicles is exposed 
(Fig.  2a ). The chorda tympani, which carries sensory  taste fi bers   
for the tongue, is mobilized, and the rear wall of the outer ear canal 
near the eardrum, the so-called  scutum  , is dissected back until the 
stapes footplate is fully visible. Next the stapes footplate is perfo-
rated with the laser or, in more traditional fashion, mechanically 
with a  microdissector instrument   to a size of about 0.5–0.8 mm, 
which can accommodate the prosthesis piston with a diameter of 
0.4 mm comfortably (Fig.  2b ). Then the stapes suprastructure is 
detached from the  long incus process  , the stapedius tendon cut, 
and the suprastructure removed. A prosthesis is then introduced 
into the middle  ear  , its piston gently advanced through the perfo-
ration hole and its shaft fi xed to the long incus process, either by 
crimping (Fig.  2c ), clipping or laser fi xation of a shape-memory 
NiTiNOL-prosthesis, which is described in another chapter of 
this book. Then the perforation site at the footplate and the fi xa-
tion point on the long incus process is covered with little bits of 
connective tissue in order to facilitate fi rm attachment by connective 
tissue incorporation and to seal the inner  ear  , respectively [ 12 ]. 
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There have been many variations of this procedure, from total 
 footplate removal   to partial removal only of fi xed sclerotic areas, 
even to the extent of leaving the suprastructure partially intact, 
thereby avoiding the need for prosthesis.

   The use of lasers requires application techniques that are 
compatible to microsurgical manipulation of the stapes footplate 
[ 13 ], i.e., an operative fi eld with the dimension of about 1.5 in 
3 mm. Therefore, laser systems both within the range of visible 
light and in mid and far infrared have seen widespread use in sta-
pes surgery. Generally, it can be said that Argon and KTP laser 
systems soon became popular due to their energy transmission by 
silica fi bers of 0.2 mm diameter or less. By the use of  thin laser 
fi bers  , handheld instruments of dimensions compatible with 
microsurgery allow direct application of laser energy to the stapes 
footplate over a short distance. Surgeons advocating the use of 
handheld instruments see the following advantages outweighing 
the disadvantages (Table  1 , Fig.  3 ):

  Fig. 2    ( a ) Intraoperative view of the tympanic cavity,  left ear : the tympanic membrane is fl ipped to the  left. CT  
chorda tympani,  SH  stapes head with musculus stapedius tendon,  SF  stapes footplate,  LIP  long incus process. 
( b ) The same view as in ( a ), He:Ne aiming beam of an Er:YAG laser directed by a micromanipulator on the 
stapes footplate. ( c ) The same view as in ( a ) and ( b ), with a stapes prosthesis in situ, crimped over the long 
incus process       
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    Alternatively, the use of collimated and highly focused laser 
beam allows the transmission of laser energy over a long distance—
in this case about 250–300 mm from the front lens—in free air. 
Therefore, micromanipulators as add-on to the operating micro-
scope have proven useful for any kind of laser system, although 
they are mostly used for systems emitting in mid and far infrared, 

   Table 1  
  Pro and con arguments for the use of handheld instruments concerning laser application via  silica 
glass fi bers     

 Pro  Con 

 Direct visibility of the laser beam  Obstruction of the operative fi eld by the 
applicator instrument 

 No misalignment issues between aiming and laser 
beam 

 Manual guiding of the laser beam prone to 
human- related imprecisions 

 No direct line of sight  ne  cessary  Time consuming footplate perforation by a 
multitude of shots—the so-called “rosette 
technique” (Fig.  3 ) 

 Free angulation of the application instrument, e.g., 
for removal of stapes suprastructure 

 Imprecision in directing the laser beam can 
lead to unwanted irradiation of the labyrinth 

 Rapid defocusing of the laser beam beyond the fi ber 
tip, therefore less damage to inner ear structures 

  Fig. 3    Different laser energy delivery techniques to the  stapes footplate  :  (a)  Single shot of a CO 2  laser without 
scanner; perforation with Gaussian profi le and shallow resection edges. ( b ) Rosette technique with multiple 
shots of 0.1 mm each along the outline of the desired perforation with a diameter of 0.7 mm. ( c ) CO 2  laser 
perforation with a scanner programmed to perforate with a diameter of 0.7 mm       
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whose laser beam cannot be transmitted through  silica glass fi bers  . 
Pro and Con arguments for the use of micromanipulators are listed 
in Table  2  (see also Fig.  3 ).

   In addition, recent advances in waveguide design have made 
CO 2  laser energy transmission via small diameter hollow wave-
guides possible. Although fi rst trials in stapes surgery have been 
published, their specifi c benefi t in this context remains to be seen.  

   Literature Data for Different Laser Systems Used in Stapes Surgery 

   These two laser systems  are   probably the most intensively stud-
ied—in postmortem  temporal bones  , animal models, as well as in 
everyday clinical use [ 14 – 65 ]. Both systems display very similar 
properties, as it seems fair to discuss both lasers under one sub-
heading [ 65 ]. The Argon laser has two main wavelength peaks at 
 λ  = 488 and 514 nm, while the KTP  laser emits   at  λ  = 532 nm, 
thus both systems produce visible green light. Laser energy is 
therefore well absorbed by  hemoglobin  , although in stapes sur-
gery bleeding has to be strictly avoided in order to keep a clear 
view of the operative fi eld. However, at this wavelength laser 
energy is very little absorbed by  inner ear fl uids  , i.e., perilymph 
and endolymph, as these fl uids are mostly clear. Laser systems 
operate either in continuous wave (cw) or Q-switched mode, 
thus phases of energy delivery are defi ned as “on” and “off” 
intervals. As it has been pointed out before, laser energy is mostly 
transmitted via a  silica glass   fi ber of 50–200 μm in diameter. 

 Argon and KTP Laser

   Table 2  
  Pro and con arguments for the use of laser application by use of a micromanipulator   

 Pro  Con 

 Works with any type of laser system, 
from UV over visible light range to 
far infrared 

 Laser use only in direct line of sight. Structures occluded from 
view cannot be targeted 

 Limited expense and setup time 
before surgery, as an operating 
microscope is used anyway 

 Laser beam remains focused beyond the plane of the footplate, 
possible hazards to inner ear structures, particularly for 
wavelengths poorly absorbed by peri- and endolymph 

 The operative fi eld is not obstructed 
by the laser applicator 

 Possible misalignment between aiming beam and surgical 
laser beam 

 Use of a laser beam scanner, allowing 
rapid and precise perforation of the 
stapes footplate (Fig.  3 ) 

 Complex mechanics of micromanipulators in comparison 
to handheld applicators 

 Artifacts in the microscopic image by mirror coating and 
micromanipulator frame 
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Usually the stapes suprastructure is vaporized with 1.5–2 W output 
power at an “on” time of 0.1–0.2 s in several intervals. For the 
stapes footplate, the laser output power is usually reduced to 
1–1.5 W, with laser “on” time of 0.1–0.2 s. The surgeon applies 
as many shots as needed to create a stapedotomy perforation of 
0.6–0.8 mm, which accommodates a stapes piston of 0.4 mm in 
diameter in a way it can move freely in the stapes perforation. 
Modifi cations of the surgical technique such as preservation of 
the  stapedius tendon   [ 14 ] or partial removal of the anterior crus 
and the anterior third of the footplate [ 44 ] did not yield different 
outcomes. 

 Earlier studies of Vollrath and coworkers [ 60 – 62 ] looked at 
the preservation of cochlear microphonics as a functional parame-
ter in animal experiments. They found that cochlear microphonics 
would be temporarily diminished following laser “on” times of 0.1 
and 0.2 s, whereas at 0.5 s they would disappear. In case of peri-
lymph leakage, cochlear microphonics would be diminished after 
15 min and would recover incompletely after two hours. 

 In 1989, experiments on a  cochlear model   performed by 
Lesinski and coworkers [ 29 ] rendered data of temperature rise fol-
lowing KTP laser irradiation of 4.3–6.3 °C after one and two shots, 
while Argon laser would lead to an alarming temperature rise of 
22.5 °C from a 0.6 mm spot up to 175 °C from a 0.05 mm spot 
size. Reducing the laser spot size in KTP laser, a 0.5 mm spot 
would lead to a temperature rise of 21 °C and a 0.05 mm spot size 
of 52 °C, respectively. Bartels and Gherini [ 15 ,  21 ] criticized these 
experiments for fl aws in  methodology  , arguing that a large black 
thermocouple was used 2 mm behind the footplate model in clear 
fl uids, which does not resemble the actual anatomical situation in 
the  human vestibule  . In contrast, Häusler found a temperature rise 
following Argon laser stapedotomy of 1.0 °C after 10 shots and 
2.5 °C after 38 shots [ 22 ].  Similar   data were found by Szymanski, 
who recorded a temperature rise of 0.2–2.47 °C, with a maximum 
of 2.6 °C [ 51 ]. While the temperature rise on the stapes footplate 
surface exceeds 100 °C [ 62 ,  64 ], the amount of  perilymph   and the 
surrounding temporal bone seem to act as a heat sink, which is 
probably why clinical results differ from experimental results men-
tioned before. The advantage of using a hand piece, as proposed by 
Causse, Garin, and Hodgson [ 17 ,  19 ,  24 ], is that the laser beam 
rapidly defocuses after leaving the laser fi ber tip, thereby protecting 
the perilymph from heat spots. Nonetheless, various authors men-
tion that using the rosette technique, only nonperforated areas 
should be irradiated and direct irradiation of the perilymph should 
be avoided [ 16 ]. However, the facial nerve canal running adjacent 
to the stapes footplate should be protected as well, as its tempera-
ture may equally rise between 1.4 and 15.2 °C [ 35 ], which in 
another study resulted in two cases of delayed facial paresis, but 
resolved without surgical intervention [ 36 ]. On the positive side, 
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however, KTP and Argon lasers displayed the lowest value of pressure 
transients delivered to the human cochlea in clinical use, ranging 
between 49 and 81 dB(A) [ 27 ,  34 ,  42 ]. Consequently, there is no 
compelling evidence of cochlear damage following noise trauma 
from an  argon   or KTP laser while used within safe parameters.  

   The carbon dioxide laser operates at a wavelength of  λ  = 10,600 
nm, which therefore requires laser energy delivery via microma-
nipulator attached to the front lens of an operating microscope. 
Only recently, hollow waveguides for CO 2  lasers have become 
available in a way that their use in otologic surgery seems practi-
cable [ 66 ]. However, it has been noted that the  transmission loss   
of the waveguide in otosurgery is considerable, being about 66 % 
[ 59 ]. In any case, the CO 2  laser has been the workhorse of many 
otolaryngology departments worldwide, mainly in tumor surgery 
of the pharyngeal levels and the larynx. Thus it is hardly surprising 
that this laser system is available in many departments and there is 
an extensive body of literature on its use for stapes surgery, given 
the fact that laser parameters have been adapted to otologic pur-
poses from many animal experiments and clinical data [ 16 ,  18 ,  26 , 
 27 ,  29 ,  31 ,  34 ,  55 ,  56 ,  58 ,  59 ,  64 ,  66 – 96 ]. 

 In the early days of CO 2  laser surgery, a single spot with vary-
ing diameter (180–500 μm) was used to produce a stapes footplate 
perforation in one or more shots, either in rosette technique or as 
a single  shot  , which in some cases needed widening with mechani-
cal instruments. Extensive animal experiments performed by the 
workgroup of Jovanovic [ 26 ,  77 – 83 ] could show that detrimental 
effects on the inner ear, measured by compound action potentials 
(CAPs) of the auditory nerve, were avoidable. CAPs were dimin-
ished under 15 W cw laser energy for 100 and 200 ms, while ani-
mals exposed for 500 ms turned out deaf. With lower pulse 
durations and lower power settings, compound action potentials 
remained unchanged from normal. 

 Concerning temperature elevation, readings at 2 mm behind 
the stapes footplate were 8.8 °C for up to 100 ms at 4–18 W of 
power, while after accumulation of 10 pulses in a row, tempera-
ture could rise up to 23.8 °C at the same distance behind the 
stapes footplate [ 26 ,  81 ]. Recently, Just and coworkers set up an 
in vitro experiment in which they recorded temperature changes 
in a capillary tube under  thermography  , while irradiating the sta-
pes footplate with a CO 2  laser in line with the capillary. As a result, 
they recorded a temperature rise of 32 K at 2 mm distance and 
21 K at 3 mm distance while directly irradiating the model peri-
lymph space [ 84 ]. However, in clinical settings, temperature rise 
does not seem to be as dramatic, as other workgroups found a 
maximum of 4.4 °C, 5.2–6.3 °C and 0.5 °C, respectively [ 29 ,  71 , 
 89 ]. Gardner noted that temperature rise was up to 1 °C before 
opening the footplate and +12– 19 °C when directly irradiating 

 Carbon Dioxide (CO 2 ) 
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Laser-Based Stapes Surgery



102

the perilymph at two pulses per second with 0.05 s pulse duration 
each at 2– 4 W power and 450 μm spot size [ 75 ]. 

 As for pressure changes induced by laser irradiation, the group 
of Michaelides [ 34 ] found pressure transients of 71 dB at 35 ms 
and a peak pressure of 89 dB over 50 μs. Kamalski [ 27 ] noted pres-
sure of 68 dB(A) in 1 cm distance under the stapes footplate in an 
in vitro model, while Gardner noted no harmful  acoustic effects   
2 mm distant to the stapes footplate if the CO 2  laser power was 
6 W cw or less. If the laser power exceeded 6 W, sound pressure 
transients could rise up to 92 or 106 dB. 

 In order to reduce the temperature rise by heat deposition to 
the  perilymph  , some authors suggest the use of  superpulse mode  , 
which is frequently used in laser surgery for the larynx and pharyn-
geal spaces, in order to increase the nonlaser intervals between 
laser pulses—thus allowing the irradiated tissue to cool down. 
However, in superpulse mode each pulse carries a power of up to 
320 W, resulting in less perilymph heating but increased pressure 
deposition, [ 18 ,  74 ] which is why superpulse mode is generally not 
recommended for stapes surgery. 

 Recent developments employ a scanner to precisely produce a 
stapes perforation with sharply delineated margins. These CO 2  
laser systems operate at continuous wave mode; power settings are 
usually 20 W for duration of about 0.05 s, which do not result in 
any harmful effects on the inner ear. Furthermore, the surgeon 
only has to set the desired perforation size, thereby avoiding the 
need for calculating power settings and on time duration [ 92 ,  95 ].  

   Since the mid-1990s, the Er:YAG laser became clinically available 
for otologic procedures. The Er:YAG laser emits at  λ  = 2940 nm, 
which is in the mid-infrared range and hits a distinct peak of 
absorption in water. In addition, the pulse generating characteris-
tics of this laser are such that a sharp rise in pulse energy occurs 
during the fi rst milliseconds after triggering. Pulse duration is 
quoted at 78 ms throughout the literature, although variations are 
possible [ 23 ,  50 ,  74 ,  81 ,  82 ,  92 ,  97 – 109 ]. Given the energy deliv-
ery over a very short time, the Er:YAG laser shows effects of non-
linear ablation, resulting in very little heating of tissue while 
effectively  ablating bone  . However, as its effi cacy is best achieved 
on a moist surface, the stapes footplate must be kept moist at all 
times. Consequently, heat deposition to the perilymph is not 
reported as being critical with this laser system. On the contrary, 
pressure transients are indeed an issue, as the laser produces and 
audible “snap” with each pulse. While Lippert and coworkers used 
a fl uence of 0.1–10 J/cm 2  operating the laser with favorable result 
[ 104 ], e.g., an ABG closure of an average of 8.1 dB, the work-
group of Häusler et al. noted pressure transients of 140– 160 dB 
calculated in vivo [ 23 ], which was confi rmed by Gardner and 
coworkers estimating pressure transients of 167 dB in vitro and 
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110 dB in vivo [ 74 ]. Häusler and coworkers confi rmed their 
theoretical results by sending stapedotomy patients for pure tone 
audiometry after 2 h and 6 h following surgery. They noted a 75 
dB sensory hearing loss 2 h postoperatively in the mid- and high-
frequency range, which recovered after 6 h. However, it has to be 
mentioned that in clinical practice pure tone  audiometry   is rarely 
performed at this early stage, while some surgeons even recom-
mend bed rest for the patient during the fi rst 24 h following sur-
gery. Thus it is likely that with other laser systems and conventional 
surgery, a signifi cant drop in bone conduction might be noticeable 
2 h postoperatively, too. Keck and coworkers reported postopera-
tive adverse effects over a longer period [ 101 – 103 ] and saw pro-
tracted cases of sensory hearing loss in 7 % of patients up to 4 kHz 
and in 3 % up to 3 kHz, respectively. Three of 117 patients com-
plained of persistent tinnitus. To avoid inner ear complications, the 
administration of steroids intravenously 30 min before starting the 
operation is common practice in stapes surgery, although its evi-
dence is still under debate [ 109 ]. 

 In the author’s institution, pulse energy was generally kept at 
10–15 mJ, as under these parameters, persistent bone conduction 
loss or tinnitus was not seen. However, it has to be mentioned that 
the use of Erbium:YAG laser in stapes surgery depended particu-
larly on one model, the Zeiss ORL E (Zeiss Meditec, Oberkochen, 
Germany), which consisted of an operating microscope equipped 
with an add- on laser that was specifi cally built for this purpose but 
mostly unsuitable for other procedures. As this model would only 
fulfi ll one task, it was discontinued from production around 2003; 
thus, long-term data or newer results are largely unavailable.  

   Other laser systems than the  afore  mentioned have mostly been 
used under conditions limited to laboratory experiments, animal 
models, or small series of patients. Of note is the use of diode 
lasers operating in between  λ  = 808 and 980 nm, thus in the near 
infrared range [ 2 ,  110 – 113 ]. In this range, absorption of laser 
energy and water is low, which is why this laser system, similar to 
the Nd:YAG laser, may not be the ideal choice for stapes surgery 
[ 112 ]. Instead, this laser has been used for other procedures in the 
middle ear, e.g., soldering of tissues [ 110 ] or cholesteatoma 
removal. Seven studies presented the Ho:YAG laser emitting at 
 λ  = 2100 nm [ 80 – 82 ,  97 ,  106 ,  114 ,  115 ], whose bone-ablating 
properties are well known, though this occurs with marked ther-
mal side effects including extensive carbonization of bony mar-
gins. Although the wavelength can be propagated through glass 
fi bers, it is probably due to the ablation characteristics, why this 
laser system was never used in ear surgery to a greater extent. The 
use of the Th:YAG laser was only mentioned in one study [ 27 ], 
while fi ve further investigations presented the Er:YSSG laser in 
comparison with other laser systems. In conclusion, the Er:YSSG 
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laser seems to be an interesting alternative for the Er:YAG laser as 
its laser–tissue interaction characteristic seemed to be less “aggres-
sive,” although also less effective on the stapes footplate [ 80 – 82 , 
 108 ,  114 ]. The excimer laser emits in the ultraviolet range and has 
been investigated in four studies although its use is not recom-
mended in mucosal tissues or the outer skin, as there is generally 
said to be a risk of malignant transformation of epithelial tissue by 
high energy UV light deposition [ 81 ,  82 ,  97 ,  106 ]. 

 Finally, a new promising development is the introduction of 
femtosecond lasers, usually operating in the near infrared at  λ  = 780 
or 1053 nm [ 97 ,  106 ,  116 – 118 ]. As laser pulses are of extremely 
short duration, nonlinear oblation occurs, resulting in very little 
thermal effects. At the same time, the extremely short duration of 
pulses makes pressured transients that could be harmful to the 
inner ear equally unlikely, thereby providing an ideal solution for 
the use in otology. Femtosecond lasers have demonstrated to be 
effective in ophthalmology, dentistry [ 116 ], and other applications 
on the human skin [ 106 ]. Current drawbacks are the limited num-
ber of systems available, entailing considerable costs in setting up 
and maintaining the laser system and the limited ablation speed 
resulting in long operating times. Currently, such systems are 
under investigation in experimental settings only, but might be 
entering clinical practice with the availability of smaller units with 
better ablation speed and  lower   costs.   

   Own Experience 

 To overcome the dilemma between thermal load to the inner ear 
and pressure transients infl icted by laser use, we investigated the 
ablation properties of pulsed laser systems working in the nanosec-
ond to femtosecond range. The rationale was that extremely short- 
pulsed lasers would cause little heating of the perilymph due to 
extremely short “on” time duration, while at the same time pres-
sure transients would be too short as to cause damage to inner ear 
and  vestibular hair cells  . In the fi rst experiment, a nanosecond-
pulsed, frequency-tripled Nd:YAG laser (Lambda Physik “Starline”, 
Göttingen, Germany) operating at a wavelength of  λ  = 355 nm, 
pulse duration 10 ns FWHM, repetition rate 2 kHz, pulse energy 
0.125 mJ, and output power 250 mW, was used to evaluate single 
spot ablation craters in human mallei harvested from postmortem 
individuals and fi xed in 3.5 % formaldehyde solution. Exposure 
time for each spot was 0.5 s and the fl uence neared 320 J/cm 2 . 
With a beam diameter of 10 μm, crater width following 0.5 s expo-
sure time showed about the same width as the laser beam, yet with 
a thermal damage zone of less than 10 μm adjacent to the crater 
edge (Fig.  4 ). As the exposure time was increased in a stepwise 
fashion up to 10 s, the crater width increased to 30 and 60 μm, as 
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did the carbonization margin to a maximum width of 30 μm. At 10 
s exposure time, however, the laser beam had cut through the long 
malleus process of 800 μm in diameter. The experiment showed 
that the results were not free of thermal side effects, however, no 
precautions in terms of cooling had been taken, which would have 
reduced the thermal damage zone considerably.

   For the second experiment, a similar laser system was used, 
although with fourfold pulse duration of 40 ns, repetition rate of 
10 kHz, and higher output power (model 210S-355-5000, ILX 
Lightwave, Bozeman, MT, USA). This system was coupled to a 
scanner and set to ablate bone material from a human malleus sur-
face in areas of 1 × 1 mm 2  each within 8 s per 28 courses over the 
whole area. Laser parameters were a frequency-tripled Nd:YAG 
laser emitting at  λ  = 355 nm, pulse duration 40 ns FWHM, repeti-
tion rate 10 kHz, pulse energy 0.15 mJ, output power 1.5 W, fl u-
ence 95.4 J/cm 2 , beam diameter 20 μm, and scan velocity 500 
mm/s. This setup, as well as the laser system mentioned fi rst in this 
section, emitted in TEM 00  mode ( M  2  < 1.2) with Gaussian intensity 
distribution. Under these parameters, we could observe some car-
bonization effects at the bottom of the ablation crater. There was 
also a  debris zone   of less than 100 μm width adjacent to the crater 
although this zone was not consistently present over all margins. 
Beyond the debris zone, there was no indication of further thermal 
damage, e.g., protein denaturation. As in this third experiment, 
the output power of the system was reduced to one-fi fth of the 

  Fig. 4    Single laser spot series using a nanosecond-pulsed, frequency- tripled 
Nd:YAG laser at  λ  = 355 nm, pulse duration 10 ns FWHM, repetition rate 2 kHz, 
pulse energy 0.125 mJ, output power 250 mW, exposure time 0.5 s each. Note 
the  intact connective tissue fi ber   between two spots       
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aforementioned setting, the resection edges were delineated with 
sharp edges and no debris zone at all, although resection depth 
would be limited as expected and the crater fl oor showed an uneven 
surface. Again, no cooling was applied to the specimen during the 
experiment. 

 In a variant to the fi rst and second experiment, we then applied 
0.9 % saline solution to the malleus handle before applying laser 
energy under the same parameters as in the second experiment, 
while scan time was extended to 20 s. This resulted in no visible 
sign of thermal damage, although a layer of connective tissue 
detached and rolled back from the surface of the malleus handle 
over a distance of 50 μm from the resection edge. Most notably 
though was the fact that the scan time resulted in a full thickness 
cut of the malleus handle without any indication of mechanical or 
thermal stress, showing open Haversian (nutritional) ducts within 
the bone (Fig.  5 ).

   For the fi fth and sixth experiment, we then switched to a 
femtosecond- pulsed laser system, comprising a CrLiSAF oscillator 
with Colquerite amplifi er, whose wavelength was set at  λ  = 850 nm 
with a bandwidth of ±26 nm FWHM. The laser spot size was 36 
μm, pulse duration 100 fs at a repetition rate of 1 kHz, and a pulse 
energy of 40 μJ. The laser system was coupled to a scanner, ablat-
ing bone in parallel tracks with a distance of 10 μm over an area of 
400 × 400 μm at a scan velocity of 2 mm/s. One course over the 
full area required a time of 40 s, while ablation depth was about 40 

  Fig. 5    Ablation of the long incus process using a nanosecond-pulsed, frequency-
tripled Nd:YAG laser at  λ  = 355 nm, pulse duration 40 ns FWHM, repetition rate 
10 kHz, pulse energy 0.15 mJ, output power 1.5 W, fl uence 95.4 J/cm 2 , beam 
diameter 20 μm, scan velocity 500 mm/s, scan time 8 s       
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μm per scan. The shallow excavation of one course is shown in 
Fig.  6  with little debris on the upper and right side edge, but sharp 
resection margins. Following three scanning courses with the same 
parameters, the  debris zone   was more prominent (Fig.  7 ) and vis-
ible on all edges, although the amount of debris is still less than 
expected with regard to the ablation depth. Moreover, when per-
forming 10 courses in one area (not shown), the debris zone does 
not increase, suggesting that nonlinear ablation plays a relatively 
greater role in this setup compared to thermally ablating lasers, in 
which a linear increase of the amount of debris would be expected. 
Again, the last two ablation experiments were performed without 
cooling the specimen.

    Finally, we investigated the ablation properties of a commer-
cially available Er:YAG laser designed for otologic procedures, 
which is incorporated in an operating microscope (Zeiss Opmi 
ORL E, Zeiss Meditec, Oberkochen, Germany). The system oper-
ates at a wavelength of  λ  = 2940 nm with spot size 380 μm at a 
fi xed focal length of 300 mm. Pulse duration varies between 50 
and 500 μs, depending on pulse energy which can be set between 
10 μJ and 100 μJ. As expected with the large spot size, ablation of 
bone resulted in very shallow craters, although with the oligother-
mic ablation characteristics under cooling with 0.9 % saline solu-
tion, no debris could be seen on the  stapes   footplate (Fig.  8 ). 
Single pulses of 10 and 25 mJ could not perforate the footplate 
alone, thus a rosette technique of 49 pulses with 15 μJ each was 

  Fig. 6     Ablation zone   of the long incus process, laser system as in Fig.  5 , but with 
pulse energy 0.016 mJ, output power 0.16 W, fl uence 10.2 J/cm 2 , beam diam-
eter 20 μm, scan velocity 200 mm/s, scan time 20 s. No debris on the ablation 
zone edges       
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  Fig. 7     Ablation zone   of the long incus process, laser system as in Fig.  6 , but with 
pulse energy 0.08 mJ, output power 0.8 W, fl uence 51 J/cm 2 , beam diameter 20 
μm, scan velocity 200 mm/s, scan time 20 s. Marked debris on the ablation zone 
edges, about 100 μm wide       

  Fig. 8    Ablation on the stapes footplate by Er:YAG laser pulses of 10 mJ (A), 25 mJ 
(B) and a series of 49 pulses of 15 mJ each required to produce a perforation of 
400 μm width in diameter (C)       
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required to create a perforation large enough to accommodate a 
stapes prosthesis piston 400 μm wide with a comfortable margin. 
Yet it can be seen that the zone of bone denaturation or thinning 
zone is somewhat larger than the actual perforation, bearing a risk 
of transverse stapes footplate fracture exactly halfway.

      Conclusion 

 Given the extensive body of literature rendering a considerable 
amount of worldwide experience with laser use in stapes surgery, it 
seems fair to say that laser-assisted stapedotomy is one application 
in which lasers seem indispensible as they have advanced surgery 
for the benefi t of the patient. Multiple studies confi rm better out-
comes for hearing in terms of  air-bone-gap reduction   than mechan-
ical perforation of the footplate, particularly in revision surgery, 
whilst the risk of inner ear hearing loss or vestibular function  loss   is 
manageable [ 119 ,  120 ]. After initial concerns about damage 
infl icted by laser use next to the inner ear, facial nerve, and vestibu-
lar organ, there is a set of safe parameters known for every laser 
system applicable in this fi eld, which, if observed and adhered to, 
leads to replicable and benefi cial results. Moreover, meta-analysis 
shows that the hearing results in hearing are largely independent of 
the laser  system used. Kamalski mentioned that there is only one 
study according to which a slight but signifi cant better outcome 
has been achieved with the use of CO 2  laser in comparison to other 
laser systems [ 121 ]. However, other studies showed no signifi cant 
differences in outcome depending on which laser system has been 
used. Thus, it is justifi ed to say that, while none of the current laser 
systems displays ideal properties for  middle and inner ear   use, those 
which have been widely studied (CO 2 , Argon, Er:YAG, KTP) are 
safe to use as long as parameter settings that have been tested and 
proven to be safe for a specifi ed laser system are observed. 

 As for the future, challenging new developments are on the 
horizon, as ultrashort pulsed laser systems are able to dissect bone 
in a nonthermal way by  photodisruption   creating little pressure 
side effects and debris. Main obstacles to overcome are system size, 
usability for the surgeon, cost, and ablation speed. However, as 
femtosecond lasers are already an everyday tool in ophthalmology, 
clinical progress may help to foster their spread in otology as well.     
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    Chapter 8   

 Laser-Assisted Implantation of Nitinol Stapes Prosthesis                     

     Ronald     Sroka     ,     Joachim     Müller     , and     Florian     Schrötzlmair      

        Introduction 

 Since the introduction of stapesplasty in the 1950s [ 1 ], many inno-
vative approaches have been undertaken in order to improve safety, 
surgical manageability, and postoperative hearing improvement of 
otosclerosis surgery [ 2 ]. New materials had been established in 
clinical routine (e.g., gold, titanium, tefl on, metallic, and metallo-
plastic alloys) and some disappeared after a while [ 3 ]. Also new 
prosthesis designs have been developed (e.g., wire, band, and clip 
prostheses) [ 3 ]. Nevertheless, a delicate detail problem of stapes-
plasty still remains the fi xation of the prosthesis on the long process 
of the incus, a clinical procedure called “ crimping  .” On the one 
hand, tight prosthesis fi xation prevents lateralization of the piston 
[ 4 ] and secures long-time hearing improvement [ 5 ]. On the other 
hand, too strong attachment can lead to  incus necrosis   and conse-
quently to a loss of initially restored hearing [ 6 ]. Using a prosthesis 
which has to be crimped manually requires the surgeon to have a 
good feeling for the force which is applied. However, even experi-
enced surgeons may apply forces that could damage the incus, 
 disarticulate the  malleoincudal joint  , or damage the inner ear [ 7 ]. 
To address this problem, “self-crimping” prostheses have been 
developed. These implants are mainly produced of nitinol, a nickel–
titanium shape-memory alloy, delivered in an open form which can 
be put onto the long process of the incus. Heating of the prosthe-
sis loop above a certain temperature by applying energy (e.g., laser, 
radiofrequency) leads to closure of the prosthesis around the 
long process and thereby to tight fi xation [ 8 ]. As the forces of 
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this  memory shaping   are minimal, pressure necrosis of the incus 
tissue should be avoided. With regard to acoustic properties, a 
recent meta-analysis of stapesplasty with nitinol prostheses has 
documented that use of this alloy is not inferior to established 
prostheses [ 9 ]. 

 Until recently, there have been only nitinol prostheses with 
circular closure around the incus in clinical use. In 2010, a novel 
prosthesis called NiTiBOND ®  consisting of a piston of pure tita-
nium and a nitinol attachment loop was designed. As shown in 
Fig.  1 , the loop resembles a shamrock composed of four distinct 
contact zones and three contact-free zones which are thermally 
active areas. This design should prevent thermal damage during 
application of energy for closure. Between these zones are the elas-
tic spring regions for deformation of the prosthesis during surgeon 
individual modeling around the incus. The prosthesis is delivered 
with a so-called “ thermo-dummy  ” with the same properties as the 
prosthesis itself allowing  extracorporal testing   of energy parameters 
individually for each energy delivery and application system and 
each patient [ 7 ]. To avoid thermal damages and side effects, pre-
clinical studies were performed followed by a clinical feasibility and 
retrospective comparison study including the experience of the 
physician also.

  Fig. 1    Scheme of closure and fi xation of NitiBond ®  stapes implant to the incus (courtesy of KURZ)       
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       Preclinical Investigations 

 The preclinical investigation included the laser related closure of 
the nitinol prosthesis like fi ber diameter and distance between fi ber 
tip and target, energy per pulse, and the combination of the factor 
pulse duration and intensity, wavelength, furthermore investiga-
tion on the material–laser interaction, and fi nally safety and destruc-
tion aspects. 

 Experiments were performed on stapes nitinol implants avail-
able under the trade name NiTiBond ®  (Heinz Kurz GmbH, 
Dusslingen, Germany). As sketched in Fig.  2 , the samples were 
fi xed to a mount at the piston, thus allowing the  thermoactive 
areas   to be irradiated by fi ber maneuvers in all directions; thus per-
pendicular irradiation could be performed. Irradiation was per-
formed using mainly a 200-μm fi ber transmitting the energy of a 
diode laser which emits at 940 nm (Medilas D OPAL, Dornier 
MedTech GmbH, Weßling, Germany). Thus, a variety of laser 
parameters could be varied. Reproducible positioning and changes 
in prosthesis form and closure were documented by means of a 
camera (Telecam ®  Endoscopic Camera, Karl Storz GmbH, 
Tuttlingen, Germany) attached to an endoscope (Cystoscope 0°, 
Karl Storz GmbH, Tuttlingen, Germany). Evaluation was per-
formed by comparison of the images using conventional image 
processing software. In this way, the closure of the shamrock was 
measured after  laser energy   application. For statistical analysis, 

  Fig. 2    Experimental set-up       
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mean and standard deviations were calculated. Student’s  t -test 
(SigmaPlot 11.0; Jandel Scientifi c, San Rafael, USA) was applied 
for comparison; a  p -value <0.05 was considered as statistically 
signifi cant.

   In a fi rst iterative experimental approach with the 940 nm- 
wavelength emitting diode laser and at a fi ber tip distance of 
approximately 0.5 mm to the nitinol target, the application of a 
laser pulse energy of 40 mJ/pulse resulted in a suitable closure of 
the loop. Specifi c investigations on the infl uence by the distance 
between laser fi ber tip and target surface on the bending process 
showed that in near contact mode a closure of almost 30° could be 
obtained, while at a distance of 1 mm the induced shaping was just 
5°, which is illustrated in Fig.  3 . In a similar manner, varying fi ber 
diameters at constant laser parameters showed an increase in clo-
sure angle for a 200 μm-fi ber compared to a 400 μm-fi ber. These 
observations could be explained as the area size which is under 
illumination changes with respect to distance between  fi ber tip and 
target  , or the diameter of the  fi ber core  . Calculations taking the 
divergency (numerical aperture of a fi ber) into account showed a 
reduction of the irradiation and the irradiance by a factor of 10 in 
case of the 200 μm fi ber and by a factor of 4.5 in case of the 400 
μm fi ber, as listed in Table  1 .

    Additionally, in a set of single pulse experiments the depen-
dency on the pulse duration was investigated while holding the 
applied energy per pulse constant at 40 mJ/pulse. Therefore, vary-
ing the pulse duration between  t (pulse) = 80, 40, 20, 10, and 5 ms 
the laser power was increased from  P  = 0.5, 1, 2, 4, and 8 W 
 accordingly, to obtain constant energy per pulse, simply by multi-
plication using the formula  E (pulse) =  t (pulse) ×  P . Using the 940 

  Fig. 3    Change of closure angle after single pulse delivery to one  thermo-active loop  . Laser parameter: 940 nm; 
400 μm fi ber; 2 W; 20 ms; 40 mJ/pulse).  Left : Almost contact mode application results in closure angle of 30°. 
 Right : 1 mm distance between fi ber results in closure of 5°       
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nm-laser emission transported by a 200 μm-fi ber positioned almost 
in contact to single  thermoactive loop   and applying a single pulse, 
the resulting closure values (mean and standard deviation) were 
listed in Table  2 . From this, it could be clearly derived that a mean 
maximum closure angle of 69.5° ± 4.7° could be obtained at 4 W 
and 10 ms. Longer and shorter pulse duration showed reduced 
closure potential.

   Experiments concerning the wavelength dependency of clini-
cally available laser systems emitting in the NIR spectral region and 
with potential of fi ber-assisted energy application showed no obvi-
ously signifi cant differences in closure behavior. Experiments on 
the laser-induced temperatures using thermal camera imaging 
showed an intense temperature increase within the thermoactive 
zone of the loop, while in the tissue contact zones only a minimal 
temperature increase could be observed. 

 Finally, potential risk factors from the technical point of view 
were investigated. Even when applying high amount of  laser energy   
(in clinical terms) to the nitinol target, a real destruction could not 
be observed. With regard to the potential tissue side effects, it 
must be pointed out that the width of the target loop on the incus 
is about 250 μm in diameter. Laser application in a defocused 
mode or with large spot size may result in uncontrolled irradiation 
of the underlying and surrounding tissue structures, as sketched in 

   Table 1 
  Change of irradiation and irradiance on the target by varying the distance between almost contact 
and 1 mm distance between  fi ber tip and target   surface   

 Distance (mm) 

 Irradiation (J/cm 2 ) for 40 mJ  Irradiance (W/cm 2 ) for 2 W 

 200 μm  400 μm  200 μm  400 μm 

 0  127.3  31.   8  6366.2  1591.5 

 1  12.4  7.2  621.7  360.9 

   E (pulse) = 40 mJ  

   Table 2 
  Variation of closure angle (mean ± std.dev.) with respect to applying a constant energy/pulse while 
changing the pulse duration  t  (pulse)   

 Energy  0.5 W 80 ms  1 W 40 ms  2 W 20 ms  4 W 10 ms  8 W 5 ms 

 mean  57.0°  57.7°  61.2°  69.5°  63.7° 

 std. dev.   ± 18.1°  11.3°  17.4°  4.7°  4.1° 
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Fig.  4 . Theoretical simulations showed that an application of laser 
pulse energy of 40 mJ/pulse (10 ms; 4 W; wavelength > 1500 nm) 
to  soft and hard tissues   can induce temperature of more than 120 
°C. To prevent undesired tissue temperature increase, precise tar-
geting, laser spot size adapted to target size, and distance control 
(no movement in the axial direction) should be mandatory for safe 
treatment.

       Clinical Study 

 In a small cohort clinical study, patients ( n  = 15) underwent stapes 
surgery after giving informed consent [ 15 ]. According to the tech-
nique described by Helms [ 14 ], a posterior partial stapedectomy 
was performed. Using a perforator of 0.6 mm in diameter, a hole 
was drilled in the stapes footplate and its posterior third was 
removed. For closure of NiTiBOND ®  prosthesis, a diode laser 
(Medilas D Multibeam, Dornier MedTech GmbH, Weßling, 
Germany) emitting at 940 nm and using a 400-μm  laser fi ber   was 
used to apply the energy on the prosthesis in order to induce its 
closure around the incus. Pre-operative testing was performed by 
means of the delivered test prosthesis immediately before implan-
tation as shown in Fig.  5 . In this study, laser parameters were set 
to 2 W at a pulse duration of 20 ms, thus applying 40 mJ/pulse. 

  Fig. 4    True scale sketch to show the possible of irradiation of surrounding tissue 
if not proper targeting       
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The number of applied laser pulses depends on the manual testing 
by the surgeon for a reliable fi xation. The intraoperative procedure 
is shown in Fig.  6  with the fi ber tip targeting to the loop of the 
nitinol implant. Following this procedure, a total of 10–25 laser 
pulses were applied in a stepwise fashion to the three  thermo-active 
loops   to induce loop closure and stepwise adaptation to the incus. 
In this way a maximum of 1 J laser energy in total was applied. 
Evaluation of the clinical outcome was performed by pure-tone 
audiometry according to ISO 8253-1 standard. Mean remaining 
 air-bone gap (ABG)      and mean ABG reduction were determined.

    The result of this study showed that the clinical use of 
NiTiBOND ®  prosthesis combined with laser-assisted fi xation led 
to an overall postoperative hearing improvement. Patients bene-
fi ted from this operation over the full hearing frequency spectrum. 
An ABG reduction of 17 ± 4 dB could be observed, while the 
remaining mean postoperative ABG was reduced to 11 ± 2 dB. For 
all hearing frequencies, stapesplasty with NiTiBOND ®  prosthesis 
led to less remaining ABG after stapes surgery. Furthermore, it 

  Fig. 5    Unpacked NitiBond ® -Prosthesis showing test prosthesis and implant ( top ) 
and during test application of laser pulses to the test prosthesis ( bottom ) (cour-
tesy of KURZ)       
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could be derived from the surgeons that NiTiBOND ®  prosthesis 
was suitable for experienced stapes surgeons, as well as for ear 
 surgeons with limited experience in stapes surgery. Normally, the 
experienced stapes surgeon achieved better audiometric results 
regarding mean ABG reduction and mean remaining ABG than 
the nonexperienced stapes surgeons. Remarkably, when the less 
experienced stapes surgeons used NiTiBOND ®  prosthesis, they 
achieved a similarly mean ABG reduction as the experienced stapes 
surgeon using this prosthesis type.  

    Discussion 

 Laser energy application for fi xation of stapes implants seems to be 
a promising and easy-to-train technique. As a diversity of lasers and 
wavelengths are available in clinical use in the area of  otorhinolar-
yngology  , it must be mentioned that there are a variety of param-
eters which should be tested separately to fi nd the suitable set of 
parameters, e.g., wavelength, irradiation, irradiance, application 
angle, etc. Thus, this study could be seen as the basic of necessary 
test procedures for clinical application. Additional investigations 
on the laser–material interaction should be performed to identify 
optimized parameter settings, handling procedures, and risks for 
side effects [ 12 ,  13 ]. 

 The preclinical study investigated the use of the 940-nm wave-
length in combination with a 200-μm bare fi ber with fl at cut- 
polished fi ber tip and the application of a constant pulse energy of 
40 mJ/pulse. A combination of 4 W in 10 ms and a fi ber-to-target 
distance of nearly contact looks favorable for secure and safe closure 
of the implant. For safety reasons and to protect the incus tissue 

  Fig. 6    Intraoperative setting during laser assisted application of  laser energy   for 
fi xation of the NiTiBOND ®  prosthesis to the incus       
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from laser-induced thermal necrosis, high laser powers should be 
avoided. As the width of the nitinol-target-loop is about 250 μm the 
use of a suitable focus or spot size is mandatory. This could be 
achieved by using the 200 μm-fi ber and in near contact mode. 

 In the preclinical experiments, only single pulses were applied 
to each of the three  thermoactive loops  . Due to the complex geo-
metric clinical  in situ  situation during the operation the number of 
laser pulses and thus the amount of laser energy is higher when 
compared to the experiment. From the technical point of view, a 
perpendicular laser energy application could be achieved only on 
one single loop, as the others were angled in different degrees up 
to about tangential. Furthermore, the distance between  fi ber tip 
and loop surface   may change in the millimeter range during laser 
application, be it due to remaining tremor of the physician’s hand 
or by the patient’s breathing and vascular pulse. For safety reasons, 
laser energy should only be applied when the refl ex of the  laser 
pilot beam   can be identifi ed on the loop surface. Supported by 
those observations, the clinical potential of laser energy-assisted 
fi xation of NiTiBOND ®  prosthesis was proven by using a 400-μm 
fi ber coupled to the clinically available laser system at that time. 
Careful laser energy application was performed to avoid laser–tis-
sue interaction with the incus. 

 Improving the laser energy application with a fi ber bendable at 
the very end to achieve a more perpendicular energy application 
could be of clinical interest. Nevertheless, this clinical test clearly 
demonstrated the simple application of  laser energy   to model the 
NiTiBOND® prosthesis precisely to the incus. The 4-week post-
operation audiogram showed improved hearing over the complete 
hearing frequency range. Comparing the audiometric results of the 
laser-assisted fi xation of NiTiBOND® implants with other piston- 
prosthesis techniques, e.g., K-piston or CliP ®  piston [ 10 ,  11 ], the 
mean remaining ABG is reduced and the mean ABG reduction is 
increased [ 15 ]. Additionally, due to precise handling and repro-
ducible maneuvers, it looks like the learning curve of a proper and 
safe use of laser-assisted NiTiBOND ®  prosthesis implantation 
could be improved.  

    Conclusion 

 Fiber-assisted diode laser energy application allows controlled and 
precise closure of NiTiBOND ®  prosthesis while modeling to the 
incus. Clinically, the promising audiometric results encourage fur-
ther clinical use of laser assistance during nitinol-prosthesis fi xation 
for experienced, as well as nonexperienced stapes surgeons. Given 
the positive results, prospects are that this novel prosthesis fi xation 
technique will continue to allow good functional outcome and 
overcome implantation problems of historical prosthesis types.     
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    Chapter 9   

 Endonasal Laser Ablation of Soft Tissue                     

     Justus     Ilgner       and     Martin     Westhofen      

        Introduction 

 Starting in the late 1970s, lasers have been widely used for endonasal 
applications in order to resect, vaporize, or ablate soft tissue and 
even bone. The objective is to alleviate nasal breathing, resolve 
obstruction, enable mucosal drainage, and modulate infl ammatory 
response. While benign and malignant neoplasms are less fre-
quently the cause of endonasal obstruction, most of air fl ow impair-
ment is caused by hyperplastic turbinates as in allergic rhinitis and 
by polyp formation in the course of chronic rhinosinusitis. Laser 
turbinate reduction is subject to a separate chapter in this book. 

 Chronic rhinosinusitis ( CRS  ), on the other hand, is a wide-
spread condition which affects about 11 % of the general popula-
tion. In its variety, the annual burden on the U.S. health care 
system has been estimated at 4.3 billion US$. The disease comes in 
a form without nasal polyps (CRS-NP) or with  nasal polyps   
(CRS + NP). A variety of factors associated with CRS has been 
addressed in the past. Bronchial asthma, in general, is associated 
with CRS in 19–46 % of cases, as is allergic rhinitis with 22 %. 10 
to 64 % of CRS patients also suffer from a variety of allergies, while 
an allergic disposition, in turn, does not seem to trigger CRS [ 1 – 3 ]. 
There is, however, an established link between intolerance for ace-
tyl salicylic acid (ASS), nonallergic bronchial asthma, and CRS, 
known as Samter’s or Widal’s  triad  . ASS intolerance can be found 
in 7–22 % of patients [ 3 – 6 ]. 

 Apart from associated factors, the cause of  chronic rhinosinus-
itis   is still largely unknown. In recent years, CRS has been related 
to infectious triggers—either   Staphylococcus aureus   , whose supe-
rantigens are able to trigger up to 25 % of the native population of 
T lymphocytes [ 7 ,  8 ] or to an eosinophilic reaction to fungi [ 9 ,  10 ]. 
As for bacterial infection, the role of biofi lm has been highlighted 
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in the recent years [ 11 ,  12 ]. It was shown that bacteria, whose 
colonial growth has exceeded a certain threshold, can form a mass 
of mucopolysaccharides which is impenetrable for antibodies as 
well as cells from the human immune  system  . Confocal laser scan-
ning microscopy for biofi lm in the paranasal sinuses is a growing 
research area in order to characterize the formation and the com-
ponents of biofi lm. Understanding its mechanisms will potentially 
result in new therapeutic approaches which can be more pertinent 
and cost-effective. 

 Following this research, it is now generally understood that 
 CRS   is a disease that cannot be addressed by surgery alone. While 
up to the 1970s it was an accepted concept to exenterate the 
mucosa from diseased areas of the paranasal sinuses as widely as 
possible, the work of Messerklinger and Stammberger radically 
changed the surgical approach to CRS [ 13 ,  14 ]. They could show 
that once ventilation and mucosal drainage from diseased sinuses 
were re- established in certain key areas, opening the natural path-
ways in a minimally invasive fashion, even large areas of dependent 
infl amed mucosa could functionally be restored. Thus, the 
approach of functional endoscopic sinus surgery ( FESS  ) using an 
endoscope or  microscope   became the gold standard in sinus sur-
gery since the 1980s. However, in any case, given the complex 
infl ammatory process, patients have to undergo an extensive fol-
low-up under medical treatment with, e.g., topical steroids in 
order to prevent symptomatic recurrence [ 3 ,  15 ,  16 ]. According 
to Kennedy, 10–27 % of patients suffer from recurrent events of 
symptoms during postoperative follow-up even after many years, 
which in many cases result in revision surgery [ 1 ]. Consequently, 
the role of laser surgery in primary cases as well as in recurrent 
disease has been evaluated since the 1990s as it can be minimally 
invasive and highly directional, addressing diseased areas while 
leaving healthy mucosa intact.  

    Overview of Literature 

 In 1977, Lenz [ 17 ] performed fi rst experiments on nine human 
postmortem individuals in order to enlarge the bony medial wall of 
the  maxillary sinus  . In 14 procedures, bone with a thickness of 
0.4–1.8 mm was cut with a beam diameter of 0.5–1.5 mm by an 
Argon laser, with power rates between 0.1 and 100 W. One of the 
fi rst clinical endonasal applications of lasers in humans was reported 
by Strong. He employed a CO 2  laser in order to obliterate septum 
vessels in hereditary teleangiectasia and to remove solitary papil-
lomas. However, as the CO 2  laser beam cannot be transmitted by 
glass fi bers, this circumstance prevented its use in deeper areas, i.e., 
the posterior nasal cavity as well as off-axis, i.e., the paranasal 
sinuses. However, despite these limitations, the CO 2  laser has been 
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used in a variety of clinical settings for endonasal surgery, given its 
ability to operate in continuous wave (cw) mode, as well as in 
pulsed mode [ 18 – 21 ]. Shapshay compared tissue effects of the 
 CO 2  laser   with those of a  Holmium  :YAG laser [ 22 ,  23 ]. While 
used in cw mode at 6 W and fi red in single intervals of 0.1–0.5 s, 
the  CO 2  laser   produced more  carbonization   than the Holmium:YAG 
laser with a pulse energy of 1.0–1.2 J at 3–5 Hz repetition rate. 
However, carbonization effects were less for the CO 2  laser than for 
the Holmium: YAG   when the CO 2  laser was set to superpulse mode 
at 6 W average power and 90–110 pulses per second. Selkin 
reported 250 endonasal CO 2  laser operations, whose cases con-
sisted largely of hyperplastic inferior turbinates (61 cases) and 31 
bilateral and 19 unilateral excisions of endonasal polyps [ 24 ]. 
Complications were endonasal obstruction in 4 cases, intra and 
postoperative hemorrhage in 11 cases, 2 septal perforations, and 
one Rhinitis sicca. In various studies, Sato combined the use of 
CO 2  laser with defl ective hand pieces in order to reach areas within 
the nasal cavity that are off axis or situated in the paranasal sinuses. 
Defl ection angles were 45°, 90°, and 135°. With these, he was able 
to ablate antrochoanal polyps in seven children and three adults. As 
for endonasal polyps, these were removed with a CO 2  laser alone 
(4 cases), in conjunction with a microdebrider (4 cases), or with a 
microdebrider alone (17 cases) [ 19 – 21 ]. Bone removal, however, 
was achieved with conventional resecting instruments. The 135° 
refl ective handheld device was used in another study for maxillary 
sinus surgery by Sato [ 19 ]. The rationale is that in endonasal sinus 
surgery, the ostium to the maxillary sinus is enlarged by opening its 
medial wall, while the anterior wall is still diffi cult to reach. It can 
only be seen by using optical devices and reached by instruments 
with a bending angle of greater than 90°, unless the medial wall of 
the maxillary sinus is not resected completely, as in medial maxil-
lectomy. Sato resected 10 infl ammatory polyps and benign neo-
plasms with this defl ective device. Laser parameters were not noted. 

 In recent years, a number of  hollow waveguides   have been 
developed in order to widen the operative range for CO 2  lasers. 
While their potential is only at the beginning of being exploited, 
waveguides could become a useful adjunct for endonasal applica-
tion of CO 2  lasers in the future. Agarwal et al. reported a series of 
12 patients treated endonasally with a CO 2  laser using a  handheld 
hollow waveguide   between the years 2007 and 2009 [ 18 ]. Three 
patients suffered from adhesions following primary radiotherapy for 
malignant disease, while in nine patients the laser was used to excise 
or reduce a variety of malignant and nonmalignant  neoplasms   in the 
 nose      (6), nasopharynx (3), or in both regions (2), as well as in the 
sphenoid sinus and adjacent sella region (1). Power was set at 
6–12 W cw, however, further parameters were not indicated. 

 As for fi ber-based laser systems, mostly Yttrium–Aluminum–
Garnet (YAG) systems have been under review, including the 
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frequency- doubled (KTP) Neodymium:YAG laser. In the recent 
years, particularly the Neodymium:YAG laser has been comple-
mented by a variety of diode lasers, whose wavelength is similarly 
localized in the near-infrared range. While the Neodymium:YAG 
laser has been used extensively in laser turbinate reduction, its use 
in CRS with polyps and particularly with recurrent disease is lim-
ited [ 25 – 28 ]. Scherer and Hopf described a procedure to resect 
polyps from their base in the middle meatus in contact mode at 
3–5 W cw [ 28 ]. Resection was performed with a combination of 
an endoscope with a laser fi ber guiding instrument, defl ecting the 
tip of the laser fi ber by means of an Albarran lever as used in 
Urology. Ohyama reported a series of 21 patients in which he 
vaporized polyps or resected those from their stalk [ 29 ]. In follow-
up, a longer duration of crust formation was noted compared to 
conventional surgery, while blood loss was less. Also, the proce-
dure took longer to perform than in the conventional fashion. 
Laser parameters were not reported. In an early study with the 
Neodymium:YAG laser, Zhang described its use to superfi cially 
coagulate the mucosa along the sinus walls from which the polyps 
had been resected by conventional instrumentation. In noncontact 
mode, laser settings were 25 W cw. In comparison to 48 patients 
without laser treatment, 54 patients with laser coagulation were 
reported to run a smaller risk of polyp recurrence (46.6 % versus 
66.6 %) [ 30 ]. 

 More extensively than Neodymium:YAG laser systems, 
Holmium: YAG laser systems   were evaluated for  endonasal sinus 
surgery   [ 31 ,  32 ]. Gleich et al. reported of 37 endonasal opera-
tions, while 29 had been performed for treating chronic rhinosi-
nusitis [ 31 ]. Of note is the fact that he also used the laser to incise 
or ablate bone in addition to soft tissue. This was less the case in 10 
revision cases, who had been primarily operated via a transantral 
window (Caldwell–Luc technique). Bone was cut at an energy of 
1 J with a pulse rate of 3 Hz, while polyps were resected at 0.8 J 
with 3 Hz repetition rate. During follow-up, 24 of 29 patients 
were reported as symptom free, while wound healing was compa-
rable to FESS. One patient had another polyp recurrence and 
another suffered postoperative hemorrhage. As for bone resection, 
Kautzky et al. also used the Holmium:YAG Laser at 0.9 J pulse 
energy and 5 Hz repetition rate in order to incise bone to access 
paranasal sinuses intraoperatively [ 32 ]. The bone itself was removed 
with conventional instruments following laser incision. Of note 
was a marked zone of bone necrosis (370–520 μm width), while 
carbonization was not seen. Some impairment was noted by the 
authors as bony debris often contaminated the endoscope lens 
which required frequent cleaning, thereby attenuating the benefi ts 
of bloodless resection with a laser. After a feasibility study with 
animals, Shapshay resected the uncinate process, opened the eth-
moid bulla and the  maxillary sinus ostium   in 17 patients with a 
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Holmium:YAG laser, set at 0.5–1.2 J at a pulse rate of 3–10 Hz 
[ 22 ,  23 ]. The ethmoid cells, however, were resected convention-
ally. The total laser power applied ranged between 380 and 5048 J. 
10 patients were described as having an excellent result, while 4 
noted partial reobstruction and 3 patients returned with a recur-
rence of polyps in a range between 6 and 8 months. The average 
duration of the procedure was 1 h 50 min. As for Holmium:YAG 
laser resection of  endonasal soft tissue  , Metson published a ran-
domized controlled prospective trial of 32 patients who were oper-
ated with conventional FESS technique on one side and with a 
laser technique on the other [ 33 ]. Laser energy was delivered via a 
400 μm glass fi ber, while the laser parameters were set to a pulse 
energy between 0.5 and 2 J at a pulse rate between 5 and 220 Hz 
which resulted in a power range between 2.5 and 15 W. The abla-
tion depth ranged between 1.2 and 1.7 mm. Noteworthy was a 
thermal necrosis zone 0.5–1.0 mm adjacent to the ablated region. 
In fact, a prolonged crust formation was noted on the laser oper-
ated side after 6 weeks, although crust formation was more preva-
lent on the conventionally operated side after 1 week. Moreover, 
postoperative edema was more pronounced on the laser operated 
side. The laser procedure took an average of 121 min, which was 
signifi cantly longer than on the FESS side. 

 A similar study was performed by Gerlinger using a KTP laser 
with 24 patients whose laser procedure on one side was compared 
to conventional  FESS   procedure on the contralateral side [ 34 ]. 
Different power settings were used for a variety of subtasks, i.e., 
20–30 W for bone ablation, 5–8 W for polyp resection, and 3–5 W 
for coagulating vessels. Moreover, the laser was set to cw mode for 
soft tissue resection and to pulsed mode of 20–50 ms pulse dura-
tion for bone ablation. As with Metson, Gerlinger noted marked 
edema on the laser operated side after 1 week, while at the same 
time crust formation was more prevalent on the FESS side. 
Generally, there were no great differences in wound healing. The 
total energy applied ranged between 484 and 1788 J. Blood loss 
was diminished greatly on the laser operated side, while the laser 
process was more time consuming and required single use instru-
ments that were more expensive. Two more studies addressed KTP 
laser procedures during follow up or in revision surgery following 
 FESS  . Wang reported of 13 patients undergoing endonasal laser 
revision surgery following recurrence of polyps after FESS [ 35 ]. 
The laser was set at 15–20 W cw while the energy was output 
through a laser fi ber of 0.4 mm diameter, resulting in a spot size of 
0.4 mm in contact or 0.8 mm in near- contact mode. The tech-
nique was to cut polyps off the stalk or to vaporize the contents. 
During an average follow-up of 24.7 months, two of 13 patients 
had another recurrence, while no complications were seen by the 
procedure itself. In postoperative follow-up, Levine used the KTP 
laser to resect synechiae at 8–12 W laser power with 0.1 s “on” and 
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0.1 s “off” intervals [ 36 ]. Single polyps were resected in the same 
way at 6–10 W laser power. During a 24-month follow-up period, 
which included concomitant medical treatment for CRS, 22 
patients were free of symptoms, 18 improved, 4 unchanged, and 2 
were worse. 

 In order to avoid extensive opening of the paranasal sinuses as 
in midfacial degloving, Kaluskar and coworkers (2009) evaluated 
the use of a  fi ber-based    KTP laser   to remove inverted papilloma, 
which is a benign lesion with a potential for malignant transforma-
tion [ 37 ]. Over 6 years, nine cases were resected endonasally. 
Mucosa close to the lesion was incised as the lesion itself was lifted 
off the bony surface by vaporization and/or coagulation of the 
underlying soft tissue. Using this technique, the group recorded 
one case of recurrence 12 months following laser surgery. 

 In 2011, Hesham and coworkers suggested the use of a diode 
laser emitting infrared light at a wavelength of 980 nm with a 
power rating at 20 W cw through a 0.4 mm fi ber in contact or 
near-contact mode, which resulted in a spot size of 0.4–0.8 mm 
[ 38 ]. Their objective was to treat 25 patients in whom synechiae, 
i.e., transverse scar formation between the turbinates and the sep-
tum, had occurred following functional endoscopic sinus surgery 
with conventional instruments. However, their laser procedure was 
combined with local application of Mitomycin C, an antiprolifera-
tive drug, in a concentration of 0.4 mg/ml for 5 min. While 32 
synechiae in 20 patients had been resected with this procedure, 
three patients had a recurrence with 4 synechiae (1 bilaterally). 

 In order to apply lasers endonasally not only for resection pur-
poses, but also for tissue repair, Bleier et al. performed an animal 
experiment in 20 white rabbits in order to weld endonasal sinus 
mucosa, which was simultaneously tested for bond strength under 
water pressure [ 39 ]. His group used a diode laser of 808 nm set at 
1.0 W, applying a power density of 31.8 W/cm 2  with intervals of 
0.5 s “on” and 0.1 s “off” duration. As for the bonding agent, a 
mixture of albumin, hyaluronic acid and indiocyanine green (used 
as a color indicator) was employed. The group noticed a signifi cant 
increase of bond strengths over conventional wound healing at 
days 0 and 5, while this difference leveled to non-signifi cance from 
day 15.  

    Own Experience 

 Starting in 1997, we developed a clinical algorithm in which the 
use of laser procedures is embedded in our follow-up of patients 
who have undergone one or more  FESS procedure  (s) for CRS 
with  polyps   (Fig.  1 ). It has to be stated that, in the light of afore-
mentioned studies, we regard the use of laser in primary FESS as 
feasible, but comparatively time-consuming. Although even hard 
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tissue ablation is possible with a laser during FESS, the benefi ts of 
laser use are  limited   compared to conventionally instrumented 
FESS surgery. However, in postoperative follow-up, particularly in 
cases with limited extent of recurrent disease which do not respond 
to medical treatment, laser procedures can be very useful to limit 
recurrence and re- establish mucosal function before the extent of 
recurrence makes another full FESS revision inevitable.

   Generally, the use of  topical steroids   is widely accepted as the 
treatment of choice during wound healing as well as for polyp 
recurrence. Evidence is less extensive for the use of systemic ste-
roids, leukotriene antagonists, and antihistamines in CRS with pol-
yps. However, medical treatment is generally given priority over 
surgical steps unless severe complications require immediate inter-
vention. If, after three weeks of medical treatment, local recurrence 
of disease is not controlled, laser surgery is considered as the next 
step. Typical landmarks, e.g., the periorbit, the middle meatus, or 
the superior area of the inferior turbinate, must remain visible in 
order to maintain orientation in the operative fi eld. For practical 
reasons and time considerations, three regions out of fi ve on one 
side of the septum (anterior ethmoid, posterior ethmoid, maxillary 
sinus ostium, frontal sinus recess, sphenoid sinus ostium) can be 
treated in one session, otherwise the procedure should be split into 
two. Contraindications are former dehiscence of the Dura with 
CSF leak, dehiscence of the orbital wall with prolapse of orbital fat, 
and excessive bleeding during previous surgeries. Arterial hyper-
tension should be medically controlled before laser intervention is 
started. 

  Fig. 1    Algorithm for  the   indication of Neodymium:YAG laser intervention for recurrent CRS with polyps       

 

Endonasal Laser Ablation of Soft Tissue



132

 The procedure can be performed under local or general 
 anesthesia  . In any case, the patient is rested on the operating table 
in a supine position with his head slightly rotated to the right side, 
which is the surgeon’s position (Fig.  2 ). Laser safety protocols are 
followed as usual. If under local anesthesia, the patient wears the 
same protective goggles as all the staff present in the operating 
room. The patient’s  nose   is anesthetized with 10 % lidocaine spray 
and decongested and anesthetized again with cotton swabs con-
taining a 50 % mixture of lidocaine 2 % and oxymetazoline 0,1 % 
each. These swabs remain in place for at least 10 minutes before 
the procedure starts. If under general anesthesia, the patient’s gog-
gles are replaced with a sheet of aluminum foil wrapped in a 10 cm 
wide strip of cotton gauze soaked in 0.9 % saline.

   The instrumental setup consists of a 30° and 70° Hopkins rod 
endoscope, a suitable light source, a conventional suction device 
for fl uids and—additionally—a smoke evacuator. Video monitor-
ing and recording is maintained throughout the procedure—
either with a standard defi nition or high defi nition CCD camera 
attached to the endoscope, allowing all staff to follow the proce-
dure and to maintain ergonomically optimal working conditions 
for the surgeon. 

 The  Neodymium  :YAG laser system which is used (Dornier 
MediLas 5060 N, Dornier GmbH, Germering, Germany) allows, 
besides power settings, the application of  feedback power control  , 

  Fig. 2    Setup during endonasal Neodymium:YAG laser tissue excision. From  left  
to  right : video recording and monitoring facility, Neodymium:YAG laser unit, 
patient under general anesthesia, surgeon       
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which can be applied when working in contact mode: With feedback 
power control (Fibertom C (R)) turned on, the infrared to visible 
light which is emitted by the tissue under thermal ablation is picked 
up by the laser fi ber simultaneously while emitting energy. This 
feedback information is uncoupled from the laser fi ber inside the 
laser system and used as a parameter to reduce the laser power 
accordingly, should the temperature inside the tissue rise too high. 
The "tightness" of feedback loop can be set to three different lev-
els, independently from the laser power that is chosen. In most 
cases, 10 W cw from a Neodymium:YAG laser are suffi cient to 
 ablate soft tissue   inside the nasal cavity and sinuses swiftly without 
causing collateral damage. The latter is particularly important, as 
with the laser’s main emission line at 1064 nm, absorption in water 
is particularly low. This is why the initial use of the Neodymium:YAG 
laser in non- contact mode, as fi rst used by Lesserson [ 40 ], Lenz 
and Eichler [ 17 ], as well as Metson [ 33 ] resulted in good coagula-
tion of tissue, but with risks to adjacent structures as the dura or 
the periorbit. Werner reported a zone of thermal damage of 10 mm 
maximum from the center of irradiation and later postulated the 
risk of atrophying ostitis of the underlying bone [ 27 ]. Likewise, 
Rathfoot reported a damage zone of 4 mm in soft tissue [ 41 ] as 
did Ossoff [ 42 ] with a combined zone of coagulation and necrosis 
up to 4 mm. However, despite the warnings that concerned the 
use of a Neodymium:YAG laser in particular it has to be mentioned 
that the laser parameters used are not always available in detail 
from these reports. This applies in particular to the laser energy 
delivery in non-contact versus contact  mode  . In the latter, the tip 
of the laser fi ber is deliberately contaminated with debris, either 
from resected tissue or from burning a wooden spatula before 
application, so that all laser energy is absorbed at the fi ber tip and 
not propagated into depth of tissue. Consequently, when limiting 
laser output power to 3–5 W as done by Scherer and Hopf [ 28 ], 
they as well as Shapshay [ 22 ,  23 ] could not detect any collateral 
damage to the tissue. In our department, contact mode in combi-
nation with feedback power control is a standard procedure when 
ablating soft tissue endonasally. It is worth mentioning, that feed-
back power control often limits the output laser power to less than 
the power setting, e.g., 10 W, so that the total laser energy applied 
at the end of the procedure is far less than the power setting mul-
tiplied with “laser on”-time. 

 As with all lasers  emitting   in the near infrared or visible light 
range, conventional glass silica fi bers can be used to deliver laser 
light into tissue. However, as the paranasal sinuses require bending 
the fi ber to a very small radius at times, fi bers with small diameters 
are preferable. Fibers with a core diameter of 60 μm have a limited 
working range to areas that are close to the direct line if sight, 
which is the nasal cavity itself, the ethmoid and the sphenoid sinus. 
For the frontal sinus recess and the maxillary sinus, fi bers with 
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400 μm or even 200 μm diameter are preferable. As energy density 
rises inversely with the square of cross sectional fi ber radius, 200 μm 
fi bers usually carry a maximum of 10 W cw from a Neodymium:YAG 
laser. However, energy loss due to bending the fi ber to an, e.g., 
10 mm radius is negligible compared to 400 μm or even 600 μm 
diameter fi bers bent to the same radius. As stated above, 10 W cw 
is generally suffi cient for ablating soft tissue in the nasal cavity. 
Sometimes re-cutting the fi ber is necessary during the procedure 
when the tip breaks, e.g., when hitting bone. In these cases, the 
shape of the re-cut fi ber should be checked for sharp edges and/or 
beam deviation and if necessary cut again.  Beam scattering  , how-
ever, is not a too big problem when working in contact mode. 

 Coming to laser application devices, it should be kept in mind 
that space inside the nasal cavity is limited. The operative fi eld has 
to accommodate an endoscope, usually 4.0 mm in diameter, the 
laser fi ber with a guide and suction instruments to evacuate smoke 
or fl uids. Generally, endonasal laser procedures can be performed 
two- handed or single- handed  . In a two-handed procedure, the 
right hand usually carries the laser fi ber applicator, which, in our 
case, is a rigid irrigation tube with a tip bent in various angles from 
30° over 45° to 90° and a lateral tap, to which the  smoke evacua-
tion tube   can be attached (Fig.  3 ). The laser fi ber port is sealed 

  Fig. 3    Rigid 90°    angled applicator as guide for 600 μm (core diameter) laser fi ber       
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airtight in order to prevent vacuum leaks. The left hand carries the 
endoscope with the CCD camera attached to it. This arrangement 
has the advantage of fl exibly guiding both devices, which can be 
useful whenever the laser fi ber should be retracted inside the guide 
for greater rigidity in close tissue contact, while the endoscope 
stays further away to maintain the overview and become less sus-
ceptible to lens contamination. The disadvantage is that handling 
two devices independently inside the nasal cavity can be diffi cult. 
For a single-handed procedure, we have developed and used a semi 
rigid applicator (PolyDiagnost GmbH, Pfaffenhofen, Germany) 
with a fl exible tip of 25 mm in length which can be bent to a 180° 
angle unloaded, which is reduced to 120° accommodating a 20 μm 
core fi ber (Fig.  4 ). This device has an outer diameter of 4 mm, giv-
ing maximum fl exibility inside the operative fi eld. The inner lining 
of the device contains two ducts of 300 μm diameter each and 
further two ducts with an inner diameter of 1200 μm each. Usually 
one of the smaller ducts accommodates the laser fi ber of 200 μm in 
diameter while the larger ducts are used for smoke evacuation and, 
if available, a thin fl exible endoscope. However, as the ducts are 
very limited in size, smoke evacuation capacity and image quality 
from the endoscope is limited.

  Fig. 4    Adjustable tip of fl exible applicator with a 200 μm laser fi ber and ( insert  ) 
cross-sectional sketch of four channels contained in the inner sleeve (two chan-
nels with an inner diameter of 300 μm, accommodating a 200 μm laser fi ber, 
and two channels of 1200 μm diameter for, e.g., irrigation, smoke suction, and 
fl exible miniature endoscopes)       
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        Techniques for Treating Different Types of Tissue 

  Endonasal polyps   are soft, fl abby structures with a grayish looking 
color representing a high water content with little vascularization. 
They can be pedunculated, differentiating them from mucosal 
edema, which is broad-based and more generalized over the muco-
sal area. Polyps can be shrunk in near-contact mode by evaporating 
their contents, although the temperature of irradiated tissue can 
rise exponentially as soon as its water content is used up. Therefore, 
in our experience it is preferable to cut polyps from the stalk in 
contact mode in a brush-like fashion. If the polyp is resected, it 
usually sticks to the laser fi ber, making harvesting easy. This proce-
dure is usually swift and has the advantage of leaving the polyp 
intact, which is therefore available for histological examination. It 
is useful to subcategorize polyps for their content with either neu-
trophil or eosinophil granulocyte content, in order to adapt medi-
cation and postoperative care to the underlying pathology. 

 Mucoceles are retention cysts that occur when previous sur-
gery or trauma with fracture across the paranasal sinuses leads to 
scar tissue formation, which blocks the drainage of mucous from 
 mucosal glands  . Due to considerable internal pressure building up 
from the inside, mucoceles can destroy adjacent bone which can 
lead to penetration of the anterior skull base or the periorbit. As in 
these cases the dura of the frontal brain or the orbit is exposed, care 
should be taken to avoid irradiation in contact mode. However, 
the fl uid inside the mucocele usually prevents the underlying tissue 
from overheating, so “uncapping” the cystic wall in contact mode 
is feasible with a Neodymium:YAG laser (Fig.  5 ). In postoperative 
follow-up, however, care should be taken to remove crusts and 
mucus across the resection margins, which may lead to reformation 
of mucoceles.

  Fig. 5    600 μm laser fi ber in contact with a retention cyst of the left maxillary 
sinus ostium. View through 30° angled Hopkins endoscope (Karl Storz, Tuttlingen)       
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   Synechiae, as mentioned before, are transverse formations of 
scar  tissue   that usually occur between the septal wall and one of the 
three nasal turbinates attached to the lateral wall of the nasal cavity. 
They usually occur during wound healing following surgery or 
trauma in nasal cavities that are narrow, whenever mucus or crusts 
form a bridge between the two wound areas. Fibroblasts can grow 
over the mucus and turn temporary adhesions into permanent 
scars. By means of a fi ber-guided laser, transverse scars can be cut 
at either end, therefore making reformation of synechiae less likely. 
In some cases as in narrow endonasal cavities, however, it is neces-
sary to place silicone sheets in between wound areas until the fi rst 
phases of wound healing have passed, which is usually accom-
plished after 14 days. 

  Granulating tissue   is a part of normal wound healing following 
FESS and therefore should be primarily addressed with  topical ste-
roids  ,  systemic leukotriene antagonists  , etc. However, granulating 
tissue sometimes overgrows the endonasal wound during the heal-
ing process following FESS, so that, when  granulating tissue   is 
populated with fi broblasts, there is a risk of scar formation across 
paranasal sinus ostia infl icting mucocele formation and synechiae. 
Thus, in selected cases, removal of excessive granulating tissue can 
be helpful in order to guide local wound healing and prevent scar 
formation in unwanted areas [ 43 ,  44 ]. Normally granulating tissue 
is quite fl at and adherent to the base of wound. Thus it is diffi cult 
to excise, harvesting it for histological examination. However, 
thermal injury should be avoided as far as possible, using small 
fi ber diameters, working in contact mode and limiting laser power 
settings to 10 W maximum. 

 In summary, we compared 175 Neodymium:YAG laser revi-
sion procedures with 268 FESS revision surgeries for the recur-
rence of CRS. As for histological features of wound healing, the 
only difference between laser procedures and FESS surgery was 
that there was a prolonged appearance of tissue edema following 
laser surgery. This effect was also seen by Metson and Gerlinger as 
mentioned earlier. However, this observation did not show any 
impact on wound healing at all, as in both modalities, the distinct 
histological stages of healing process, i.e., the appearance of fi brin 
coating after the operation, the prevalence of granulocytes, lym-
phocytes, collagen, as well as epithelialization with squamous cell 
epithelium versus respiratory epithelium were comparable. 

 Histology showed that from Neodymium:YAG laser applica-
tion in edematous endonasal tissue in contact mode at 10 W cw 
under feedback power control, no carbonization could be observed, 
while the coagulation zone extended about 50 μm into the resec-
tion margins (Fig.  6 ). At 30 W, there was a carbonization zone of 
about 2 μm width, as coagulation zone extended 50–100 μm into 
the lateral resection margins (Fig.  7 ).
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    From these series, we also compared the time intervals starting 
from the point of intervention to the next, when symptomatic 
reappearance of polyps, restenosis of  paranasal sinus ostia  , etc. in 
chronic rhinosinusitis required yet another surgical intervention—
either another laser procedure or a full FESS revision. As a result, 
patients who had one revision by laser versus one FESS reinterven-
tion did not have a different risk to undergo a second revision 
( P  = 0.1529). 

 In conclusion, lasers in endonasal surgery provide a useful 
addition to the repertoire of surgical tools [ 45 – 48 ] for a variety 
of procedures. Mainly the benefi t for the patient, besides cost 

  Fig. 6    Histological image of laser–tissue interaction from Neodymium:YAG laser 
in contact mode, 10 W, cw, under negative feedback temperature control: no 
visible carbonization, coagulation zone extending about 50 μm into resection 
margin (source: Institute of Pathology, RWTH Aachen University, Director: Univ.-
Prof. Dr. med. R. Knüchel-Clarke)       

  Fig. 7    As Fig.  5 , with 30 W cw setting: Carbonization zone of 20 μm width, coagu-
lation zone extending 50–100 μm into lateral resection margin (source: Institute 
of Pathology, RWTH Aachen University, Director: Univ.-Prof. Dr. med. 
R. Knüchel-Clarke)       
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and time effectiveness, should be the guide for indicating laser 
interventions in contrast to conservative treatment or conven-
tional surgery. The proximity of vital structures, in particular the 
contents of the orbit, the frontal dura and the internal carotid 
artery requires judicious choice of suitable laser systems, laser 
parameters and instrumentation. With these considerations in 
mind, the use of lasers in the  nose   and paranasal sinuses is a safe 
and reliable treatment option for suitable indications.     
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    Chapter 10   

 Current Concepts in Laser Surgery: Endonasal Laser 
Turbinate Reduction                     

     Miriam     Havel      and     Andreas     Leunig       

       Introduction 

    Inferior turbinate hypertrophy is a common cause of  nasal airway 
obstruction  . Whilst the initial mainstay of treatment for this con-
dition is with the use of pharmacologic therapy such as steroids 
and antihistamines, there remains a considerable cohort of patients 
that are refractory to this treatment and require surgery. Numerous 
surgical techniques for inferior turbinate hypertrophy have been 
employed over the years, including total or partial  turbinectomy, 
turbinoplasty (submucous resection, microdebrider, conchopexy, 
outfracture), laser surgery, and thermal  techniques (electrocau-
tery, cryosurgery, radiofrequency ablation) [ 1 ]. Techniques 
 aiming at removal of most of the turbinate tissue including bony 
structures seem to provide the most distinct and long-lasting 
effects, but are also accompanied by higher  morbidity [ 2 ]. Besides 
intra- and postoperative bleeding, adverse side effects observed 
include synechiae, nasal dryness and crusting, osteitis, foetor, 
atrophic rhinitis, etc. There is a general trend in the last decades 
leading toward mucosal sparing/tissue sparing  techniques and 
steering away from extensive mucosal destruction (e.g., 
 turbinectomy) as the latter modes of turbinate reduction are 
thought to be most associated with the mentioned secondary 
effects including empty nose syndrome [ 3 – 5 ]. Since the introduc-
tion of laser technology in the fi eld, it has been demonstrated in 
numerous clinical studies that endonasal laser treatments cause 
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limited tissue trauma with little or no bleeding and reach a high 
patient acceptance as they can be usually performed without nasal 
packing and under outpatient conditions [ 6 ].  

    Nasal Airway Obstruction and Inferior Turbinate      

 The inferior turbinate represents the main decongestant- responsive 
structure of the nasal cavity. Decongestion of the nasal mucosa is 
supposed to increase the volume of the nasal cavity by 35 % [ 7 ]. 
Surgical procedures for the treatment of hyperplastic inferior tur-
binates aim at reducing the volume of the inferior turbinate tissue, 
particularly its head or anterior portion, which is a component of 
the nasal valve representing the most resistive region in the nasal 
airway. The important physiological functions of inferior turbi-
nate including warming, humidifying and fi ltering, as well as 
directing of the inspired air indicate that the nasal airfl ow improve-
ment has to occur without affecting the nasal physiology. The 
mechanism of airfl ow perception is not fully understood. Nasal 
obstruction is commonly associated with an increased resistance in 
 the   nasal  airway. However, objective measurements of nasal air-
way resistance often do not correlate with subjective extent of 
nasal obstruction. Damaged or resected trigeminal nerve endings 
can create the  sensation of nasal obstruction without an objective 
increase in nasal  airway resistance [ 2 ]. Thus, the preferred turbi-
nate reduction  procedure should aim at reducing the turbinate 
volume, preserving the airfl ow perception and turbinate shape 
responsible for directing the air stream, preserving physiological 
function while minimizing iatrogenic complications.    Any tech-
nique resulting in extensive destruction of the turbinate mucosa 
runs a risk of a loss of physiological function leading to crusting 
and synechiae [ 8 ].  

      Laser Systems for Inferior Turbinate Surgery 

 Since the early 1980s, laser systems of various types have 
been employed for surgical endonasal applications including 
carbon dioxide (CO 2 ,  λ [lambda] = 10.600 nm), Argon-ion 
( λ [lambda] = 488/514 nm), potassium titanyl phosphate (KTP, 
 λ [lambda] = 532 nm), neodymium:yttrium–aluminium–garnet 
(Nd:YAG,  λ [lambda] = 1.064 nm), holmium:yttrium–aluminium–
garnet (Ho:YAG,  λ [lambda] = 2.080 nm), and diode ( λ [lambda] = 
805/810/940/980/1470 nm) laser. Systems most frequently 
involved in inferior turbinate reduction include CO 2 - and Nd:YAG 
lasers in the 1980s and 1990s, whereas in the course of 2000s 
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 clinical trials investigating the use of Ho:YAG, KTP, diode of dif-
ferent wavelengths, and argon ion lasers emerge [ 1 ,  6 ]. 

 The basic difference between these medical laser systems is the 
wavelength of the emitted light, leading to altering light–tissue 
interactions due to optical parameters of the tissue. Besides the 
emitted wavelength, laser settings such as output power, operating 
mode (pulsed or continuous wave), and application mode (contact 
or non-contact application) fundamentally infl uence the induced 
tissue effects (see Table  1 ). Apart from the CO 2  laser, which has to 
be delivered via rigid hand piece/waveguide in clinical routine, all 
listed laser types can be delivered via a fl exible  quartz   fi bre  providing 
precise and well-controlled application of the laser light toward the 
treated tissue in the narrow anatomical landscape of the nasal 
 cavity. Recently, delivery mode for CO 2  laser by means of a hollow 
optical fi bre also has been reported [ 9 ].

   Regarding the laser light–tissue interaction, some laser type 
specifi c differences have to be taken into account. CO 2  laser is 
highly absorbed by water and provides superfi cial vaporization of 
turbinate tissue with a broad thermal coagulation zone of the 
 surrounding tissue. In contrast, diode and Nd:YAG laser are poorly 
absorbed by water, tissue proteins, and blood and penetrate deeply 
into the tissue. In “noncontact” application, a large zone of coagu-
lation results, whereas the “contact mode” offers effective tissue 
cutting with a small zone of coagulation. The pulsed Ho:YAG laser 
is also highly absorbed by water and combines bone and tissue 
vaporization abilities with good hemostasis in “contact” as well as 
“noncontact” mode. Due to the high absorbance by endogenous 
chromophores such as melanin and hemoglobin, light of Argon 
ion and KTP lasers shows good coagulative effects on venous 

   Table 1  
  Laser systems for inferior turbinate surgery 
(from Janda et al. [ 6 ], modifi ed)   

 Laser  Wavelength (nm)  Mode  Delivery 

 Argon  488/514  cw  SiO 2 -quartz 

 KTP  532  Pulsed  SiO 2 -quartz 

 Diode  Various  cw  SiO 2 -quartz 

 Nd:YAG  1064  cw/pulsed  SiO 2 -quartz 

 Ho:YAG  2080  Pulsed  SiO 2 -quartz 

 CO 2   10,600  cw/pulsed  Halide fi bre 

 Hollow waveguide 
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plexus of the lower turbinate providing an effective reduction of 
the cavernous body with preservation of the surrounding tissue [ 6 , 
 10 ] and are also suitable for therapy of vascular malformations 
(e.g., hemangioma and hereditary hemorrhagic telangiectasia). In 
general, the optical penetration depth of the laser light applied to 
the turbinate tissue during the laser treatment depends on the 
optical properties of the tissue,    described by the absorption and 
scattering coeffi cients.  

   Clinical Note 

 Careful patient selection, patient information, and indication 
prior to surgical decision-making are crucial for a favorable and 
patient- centered outcome.  Preoperative workup   including 
detailed history taking and endoscopic, as well as laboratory 
examination where appropriate, considering potential etiologic 
factors for nasal obstruction such as grossly deviated nasal  septum, 
acute rhinitis/sinusitis, chronic rhinosinusitis, nasal polyps, or 
allergy are mandatory and should be addressed specifi cally. The 
cause and degree of the inferior turbinate enlargement is to be 
assessed and documented. The underlying pathology may require 
pre- and postoperative medical management to prevent recur-
rences of turbinate hypertrophy. 

 Besides the implementation of laser safety measures, an adequate 
preoperative preparation of the patient includes decongestion and 
anesthesia of the nasal cavity. For this purpose insertion of cotton 
pads soaked with, e.g., 4 % tetracaine and 0.5 % xylometazoline 
 solution (1:1) applied for 10–15 min are effective. 

 Laser  light application   itself is facilitated by endoscopes 
(except for CO 2  laser, where a microscope and a micromanipula-
tor is commonly used) and can be carried out via guiding the fi bre 
from the posterior to the anterior free edge of the inferior turbi-
nate under endoscopic control producing controlled tissue effects 
in linear or punctiform application mode (Fig.  1a, b ). The induced 
tissue effect of laser light results in visible blanching of the tissue. 
Visually  controlled and targeted application of laser light is man-
datory to prevent lesions of surrounding tissue with intraoperative 
bleeding and/or subsequent synechiae in case of corresponding 
lesions.

   In cases where the head of inferior turbinate seems especially 
prominent, some single laser spots can be directed additionally 
onto the head of the turbinate. Postoperatively, nasal cavities can 
be treated with an antibiotic and steroid-containing ointment and 
patient may receive prescriptions for nasal ointments and topical 
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  Fig. 1    ( a ,  b ). Application of laser light ( left panel  punctiform,  right panel  linear application mode); in this example 
performed in a “non-contact” mode using a fl exible silica fi bre (600 μm core diameter) fi xed onto a custom- 
designed device for precise endonasal fi bre guidance (ENT-Fibre Guidance System, Karl Storz, Tuttlingen, Germany)       
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decongestants.  Postoperative care   visits including endoscopic 
examination and documentation allow for the assessment of wound 
healing condition and evaluation, as well as for treatment of 
 possibly occurring complications.  

   Clinical Outcomes of Laser Surgery for Treatment of Turbinate Hypertrophy 

    There is a large body of clinical studies reporting outcomes of 
 inferior turbinate surgery. A recent systematic review of surgical 
management of inferior turbinate hypertrophy reveals an overall 
positive effect on nasal breathing in 97 % of almost 100 reviewed 
clinical trials regardless of the surgical technique used [ 1 ]. Around 
one-third (32 %) of the reviewed studies consists of reports on the 
use of laser technology for inferior turbinate reduction, with the 
oldest being published in 1982 [ 11 ]. 

   Regarding the to date published literature, carbon dioxide laser 
seems to be the most widely used laser system for turbinate 
 surgery, particularly in the 1980s and 1990s. Due to its excellent 
cutting abilities is has been implemented in the surgical routine 
for a wide range of ENT procedures. The mid infrared radiation 
of CO 2   laser   is effectively absorbed by water with a limited pen-
etration depth of 0.01 mm and poor coagulation and hemostatic 
capabilities. Laser light is delivered via a mirror beam guide sys-
tem with hollow waveguides of different shapes. Microscope con-
trolled application of waveguide delivered beam might be limited 
by the narrow  anatomical conditions of the nasal cavity. Some 
authors describe the use of custom made or self-designed hand 
pieces for endonasal procedures. The employed application 
modes and power settings vary from few laser spots on the head 
of the turbinate using 1–5 W or 10 W [ 12 ,  13 ], crosshatching of 
the mucosa with 12 W [ 14 ],    vaporization of anterior parts with 
15 W [ 15 – 17 ], to gradual vaporization of the entire turbinate 
mucosa (under local  anesthesia) using 20–30 W once a week for 
5 weeks [ 18 ,  19 ]. Nasal packing was often used for 1–2 days 
postoperatively. The degree of the subjective improvement of 
nasal breathing 12 months following surgery varied from 57 % 
[ 14 ] to 93 % [ 15 ], a long-term follow up of 5 years revealed 
long-lasting positive effects in 77 % of patients as described by 
Lippert [ 13 ]. The reported complication rate amounts to 3–4 % 
with postoperative bleeding, synechiae, mucosa dryness and 
around 1 % of atrophic rhinitis in most studies. However, Passali 
observed a higher complication rates with 74 % crusting, 7 % syn-
echiae, and 11 % atrophic rhinitis [ 20 ].    CO 2 - laser   vaporization of 
the whole inferior turbinate performed in local anesthesia in 
pediatric patient cohort (age 9–15 years) under microscopic con-

     Carbon dioxide Laser     
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trol using 5–10 W defocused laser beam as  compared to Nd:YAG 
laser treatment was reported by Araki et al. with 86 % of benefi-
ciary outcome 2 weeks postoperatively regardless of the laser sys-
tem used. Adverse effects were not observed, a long-term follow 
up was not provided [ 21 ].  

   In one of the fi rst reports published on laser reduction of hyper-
plastic inferior nasal turbinates more than 2000 patients with 
nasal obstruction due to vasomotor rhinitis were treated with a 
continuous wave argon laser in noncontact mode by laser strip 
carbonization with 8 W. A group of 96 patients was followed up 
for 2 years with 80 % reporting improved nasal breathing.    Besides 
an extensive crusting for 4–6 weeks, tissue necrosis on the nasal 
septum in six cases and bony sequestra of the turbinate bone in 
two cases were observed [ 10 ]. No adverse effects  in   smaller 
patient groups treated with this laser type were reported decades 
later [ 22 ,  23 ].  High   purchase cost, as well as power supply and 
cooling requirements are mentioned as drawbacks of this laser 
system.  

   Also absorbed by chromophores, the pulsed  KTP laser         was 
applied at 6–8 W on anterior part of the inferior turbinate by 
crosshatching the mucosa with islands of healthy nasal mucosa 
left between the vaporizations in noncontact mode in 29 patients 
suffering from allergic or vasomotor rhinitis. After a follow-up 
period of 6–12 months, 81 % of the patients described a subjec-
tive improvement of the nasal airway passage, as well as less nasal 
congestion and rhinorrhea. No side effects and complications 
were reported [ 24 ]. A retrospective assessment of 124 patients 
treated with KTP laser at 7 W revealed an improved nasal airway 
in 87 % after 1 year [ 25 ].  

   Some studies investigated the value of the Ho:YAG  laser      in the 
reduction of hyperplastic inferior nasal turbinates. Leunig et al. 
treated 85 patients with nasal obstruction due to allergic or 
vasomotor rhinitis with a pulsed Ho:YAG laser in contact mode 
at a  repetition rate of 4 ± 8Hz and an energy of 0.8 ± 1.2 J per 
pulse. A follow up period of 12 months was completed by 52 
patients  showing subjective improvement of the nasal airfl ow in 
77 %. Minor bleedings and postoperative pain in two cases, as 
well as nasal  dryness in one case, were observed [ 26 ]. Serrano 
et al. used a Ho:YAG laser of 0.8 J per pulse in a contact mode 
at a repetition rate of 5 Hz for treatment of 46 patients. 
Improvement in nasal obstruction was noted in 52 % of patients 
16 months after the laser treatment and prolonged crusting in 
three cases, one synechia and dysaesthesia of the nose in some 
cases were described [ 27 ]. In a small patient group of children 
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 KTP Laser

 Ho:YAG  Laser  
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( n  = 8, age 8–16 years) Ho:YAG  laser      application effi cacy was 
assessed retrospectively as compared to a group treated with sur-
face diathermy and showed lower  morbidity in the laser treated 
patients.    However, both treatment modalities had a poor long-
term outcome [ 28 ].  

   Several clinicians evaluated Nd:YAG  laser   in the 1990s era with its 
excellent coagulation capabilities due to the deep tissue penetra-
tion. A noncontact application of Nd:YAG laser at 5–10 W under 
endoscopic control in a group of 89 patients with 40 eligible for a 
follow-up reporting improvement of nasal breathing in 73 % after 
1 year and 65 % after 2 years of surgery was presented. Concerning 
postoperative healing, extensive nasal crusting in 24 % of patients 
was observed [ 29 ]. Olthoff et al. used a continuous wave Nd:YAG 
laser for turbinate surgery in contact mode in 117 patients at a 
power of 8 W. Forty patients were followed up for a period of 22 
months, of which 80 % described a subjective improvement of the 
nasal airfl ow. In 15 % of the cases, pain during the treatment and 
postoperative nasal dryness after the surgery was observed [ 30 ]. A 
combination of interstitial and contact approaches using Nd:YAG 
laser photocoagulation for treatment of inferior turbinate hyper-
trophy under local anesthesia yielded improved results in terms of 
postoperative nasal patency at 1-year follow-up of 86 % in a group 
of 121 patients with very low complication rate. The relapse rate 
was approximately 14 %, predominantly in patients with allergic 
rhinitis. Thus, the authors concluded an accurate preoperative 
evaluation of the cause of  the   turbinate hypertrophy to be funda-
mental to achieve better results after laser turbinectomy and reduce 
the risk of recurrences [ 31 ].  

   Similar to the Nd:YAG laser, diode laser systems also provide good 
coagulation capabilities. The tissue penetration depth is not as 
deep as in Nd:YAG laser, thus some authors regard diode lasers to 
produce deep but controllable tissue coagulation with a little risk 
of periostal damage of the turbinate bone and a favorable postop-
erative outcome in terms of improved postoperative healing due to 
reduced tissue swelling period [ 32 ].    These observations yielded 
from a clinical study with continuous wave diode laser light 
(940 nm) applied in noncontact mode at 8 ± 10 W on 76 patients. 
Fifty patients were followed up for 1 year. Six months following 
surgery 86 % of the patients described a subjective improvement of 
the nasal airfl ow, while 1 year after the laser treatment the number 
decreased to 76 %. Minor bleeding was observed in 6 % of the cases 
but did not require nasal packing. Concerning complications, 8 % 
of  the   patients reported about nasal dryness and 6 % about pain 
shortly after the operation [ 32 ]. 

 Nd:YAG  Laser     

  Diode Laser        
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 Min et al. reported about the value  of   contact turbinate  surgery 
in 53 patients using a diode laser (810 nm). The laser light was 
applied in continuous wave at a power of 15 W, photocoagulating 
the turbinate surface by crosshatching the mucosa. No postopera-
tive packing was used. Six months after the treatment the authors 
observed a signifi cant improvement of the nasal airway objectively 
documented by rhinomanometry. There were no complications or 
side effects described and the mucociliary function was postopera-
tively restored as assessed by saccharine transit time [ 33 ]. 

 In a prospective clinical investigation, the therapeutic effect  of 
  diode laser (830 nm) inferior turbinate reduction on nasal obstruc-
tion and decongestant abuse in 42 patients was evaluated. Treatment 
effi ciency was assessed 1 and 6 weeks, as well as 6 and 12 months 
following surgery. Subjective pre and posttherapeutic nasal airfl ow 
and patient satisfaction were rated on visual analogue scales. 
Assessment of the long-term objective clinical effectiveness was 
based on rhinomanometry, photodocumentation, and the need 
for decongestants. No perioperative complications occurred. 
Postoperative edema disappeared within the fi rst week and crusting 
within 6 weeks after surgery. A total of 88 % of patients managed to 
successfully stop decongestant abuse after 6 months, 74 % after 1 
year [ 34 ]. 

 In summary, most of the commonly available diode laser 
 systems provide light at wavelengths of  λ  = 800–1000 nm, mainly 
causing coagulative tissue effects when applied in noncontact 
mode. Diode lasers also have lower acquisition and maintenance 
costs than the CO 2  or Nd-YAG devices. Due to their smaller size, 
transportability, and power  supply   requirements they are also more 
versatile in the clinical setting. Refl ecting these advantages, diode 
laser systems of various wavelengths were increasingly employed in 
inferior turbinate surgery in the last years as indicated in the recent 
literature [ 35 – 39 ].   

    Comparative Studies   

 A comparative evaluation of three laser systems: CO 2 , Nd:YAG, and 
diode (805 nm) lasers for inferior turbinate reduction surgery 
under endoscopic control was conducted in a total of 46 patients, 
who were randomized into three treatment groups and followed 
for more than 1 year. The laser application was endoscopically 
guided using a hollow waveguide in the case of the CO 2  laser and 
a fl exible fi bres for the diode and Nd:YAG laser. In the latter cases, 
a  continuous wave laser beam of a power of 8 W was applied 
in  contact mode in a crosshatched way onto the entire 
turbinate. Subjective and objective data were collected. Subjective 
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 improvement of nasal  airway was achieved in 41 % (diode), 47 % 
(Nd:YAG), and 57 % (CO 2 ) of patients The difference between the 
groups was not statistically signifi cant. There was more postopera-
tive bleeding in the CO 2  laser group with three patients requiring 
nasal packing. The CO 2  laser procedure also took longer to 
perform [ 14 ]. 

 A large group of patients ( n  = 533) with hyperplastic inferior 
 turbinates was treated CO 2  and Nd:YAG laser techniques. The thera-
peutic results of both types of laser turbinectomy were reported and 
compared with those of submucosal diathermy. The CO 2  laser treat-
ment was conducted under operating microscope by the application 
of laser spots to the head of the turbinate, whereas in the Nd:YAG 
laser procedure, diffuse, low-power  irradiation of the entire concha 
was performed under endoscopic control. The authors observed 
 positive effect only already few days following the CO 2  laser  procedure 
and state that no follow-up treatment was required in this group of 
patients. By contrast,  positive effects of Nd:YAG laser treatment only 
became evident within weeks or months and was attributed to the 
slow scarring process. Compared to submucosal diathermy, both 
laser methods produced better long-term results. Two years postop-
eratively, the overall success rate as defi ned by patient satisfaction was 
80 % for the CO 2  laser, 68 % for the Nd:YAG laser, and 36 % for 
submucosal diathermy [ 13 ]. 

    Another comparative evaluation of long-term effects of the 
Ho:YAG laser with diode laser (940 nm) for turbinate surgery 
showed a signifi cant subjective and objective (rhinomanometry) 
improvement of nasal airfl ow within a follow-up of 6 months and 
3 years as compared to the preoperative data in 68 % (Ho:YAG, 
 n  = 80) and 74 % (diode,  n  = 113) of patients. Adverse effects (nasal 
dryness and pain) were rare (<5 %) and occurred solely during the 
fi rst weeks after the intervention. A wound healing period of 3–4 
weeks (diode) and of 1–2 weeks (Ho:YAG) was observed. No 
 signifi cant long-term differences between the two investigated 
groups were detected [ 40 ].  

   Current Concepts in Turbinate Surgery 

 In recently published investigations the authors direct their attention 
more toward patient-centered issues that are beyond feasibility exam-
ination of the involved laser systems. Evaluation of postoperative 
patients’ comfort (day surgery, no nasal packing), quality of life, and 
patient satisfaction, as well as assessment of wound healing during the 
postoperative period seems to come to the fore. 

 From the technical point of view also the needs of the user seem 
to be adequately met in the last years, considering the  compact 
design of the laser system devices enhancing their transportability, as 
well as the moderate costs increasing their clinical availability.  
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   Conclusion 

 Since the beginning of the 1980s, increasing involvement of 
laser- based techniques for the treatment of inferior turbinate 
hypertrophy as well as other endonasal application aside from 
conventional surgical procedures has been reported. Generally, 
the aims of surgery are to reduce the size of the turbinate to 
increase airfl ow, avoid complication and preserve nasal physiol-
ogy (humidifying, warming, and directing of inhaled air). 
Moreover, further general considerations for technique selection 
include clinical setting (in- offi ce versus operating room), cost of 
the device used, effi cacy of the procedure, and extent of possible 
postoperative complications such as bleeding, adhesion forma-
tion, and crusting potentially compromising patient’s safety and 
comfort. 

 The treatment of hyperplastic inferior nasal turbinates by 
means of different laser systems represents an effective alternative 
to conventional therapeutic procedures and has been established in 
the rhinological routine since several decades. The cost-effective 
and timesaving application can be performed as an outpatient 
 procedure under local anesthesia in a short operation time without 
nasal packing providing high patient acceptance. Currently, various 
laser systems are in clinical use for the reduction of hyperplastic 
inferior nasal turbinates. Along with the variety of possible laser 
settings and application modes, it is comprehensible that there is 
no single technique which is effective in all patients or which 
 represents a gold standard. Depending on the chosen parameters 
and the clinical experience and expertise of the surgeon, it is 
 possible to induce very similar tissue effects with laser emissions of 
different wavelengths rendering good patient-centered results in 
terms of satisfactory symptom relieve and reasonable long-term 
outcome. However, to determine the exact value of laser treatment 
in comparison to other surgical techniques, prospective controlled 
trials implementing different methods for the reduction of hyper-
plastic inferior nasal turbinates are needed. 

 Laser treatment of hyperplastic inferior turbinates can be 
 considered as a useful, cost effective, time-saving procedure that 
can frequently be performed as an outpatient procedure under 
local anesthesia, providing satisfactory symptom relieve and high 
patient comfort. The choice of laser device is dependent on 
 personal preference, training curve of the surgeon and personal 
experience in treatment and postoperative clinical results, revealing 
advantages and drawbacks of the specifi c laser device used.     
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    Chapter 11   

 Laser-Lithotripsy of Salivary Stones                     

     Ronald     Sroka     ,     Vanessa     von     Holzschuher     ,     Pamela     Zengel     , 
and     Florian     Schrötzlmair      

        Introduction 

 The risk of developing salivary calculi during lifetime is approxi-
mately 1–2 % [ 1 ], while the incidence of symptomatic  sialolithiasis   
was estimated to be 56/1,000,000 inhabitants in England [ 2 ]. 
Sialoliths originate within the submandibular (83 %), parotid 
(10 %), or sublingual gland (7 %). They are located either within 
the glandular tissue or in the salivary ducts [ 1 ]. Depending on the 
size and location of the stone, salivary duct obstruction occurs, 
causing pain, swelling, and sometimes infection, which may lead to 
the development of abscess, phlegmonous infl ammation, and 
 fi stula. In order to remove stones from the salivary system, different 
methods are in clinical use. 

 Patients suffering from sialoliths of less than 2 mm in diam-
eter without any acute symptoms underwent conservative treat-
ment, such as stimulation of salivary production, dilatation of 
the orifi ce, or “wait and see” strategy as fi rst treatment options 
[ 3 ]. In case of larger, intraductal sialoliths, enoral slitting of the 
duct is one of the most effective and safe methods for stone 
removal from the submandibular duct if the sialoliths are located 
near to the papilla, though it carries several risks if the stone is 
positioned beyond the knee of Wharton’s duct [ 4 ]. Enoral slit-
ting is not recommended for the removal of parotideal duct sial-
oliths. Extracorporeal shock wave lithotripsy is preferred for 
 intraglandular stones      and is effective in more than 50 %. However, 
this treatment holds several disadvantages like the risk of bleed-
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ing, hematoma, infection (<1 %), abscess formation, hearing 
impairment, tinnitus, or damage to teeth. Additionally, it is a 
time-consuming procedure as 4–8 sessions of about 30 min each 
are needed [ 4 – 6 ]. Over the last decades interventional sialendos-
copy has been developed, which allows removal of stones up to 
a size of 5 mm by suction, basket, balloon, grasper, or minifor-
ceps with and without fragmentation [ 7 – 13 ]. External removal 
by small incisions is rarely indicated and holds the risk of facial 
nerve palsy, bleeding, reduced skin sensitivity, or scar formation. 
Surgical removal of the affected gland is indicated for intraglan-
dular stones that are refractory to other methods. Furthermore, 
this method holds the risk of a permanent damage to the mar-
ginal mandibular branch of the facial nerve (submandibular 
gland) or the facial nerve (parotid gland) [ 14 ,  15 ]. Both, intra-
corporeal electrohydraulic and piezoelectric lithotripsy have 
shown to have fairly good fragmentation capability. However, 
there is a high percentage of ductal perforations [ 16 ,  17 ]. 
Endoscopic laser lithotripsy of  salivary stones   has rarely been 
published so far and thus there is a lack of experience [ 5 ,  8 , 
 18 – 23 ], while for urolithiasis, several laser types are in clinical 
use and have been intensively investigated. Possible reason is the 
small diameter of the salivary ducts and thus the sialendoscopes 
need to have reduced diameter in comparison to the uretero-
scopes used in the  urinary tract  . Though fi rst reports on laser 
lithotripsy of salivary stones using the excimer- [ 19 ,  22 ], the 
pulsed-dye laser [ 8 ,  20 ], and the CO 2  laser [ 18 ] date back to the 
early 1990s, only some single case studies have been published 
since then [ 5 ,  24 ]. Newer laser systems such as the Ho:YAG laser 
and the Er:YAG laser, both with low risk of tissue damage and 
good fragmentation rates of uroliths [ 25 ,  26 ], have only recently 
been investigated in sialolithiasis [ 23 ,  27 ,  28 ]. Another develop-
ment in laser lithotripters is the FREDDY laser, which is expected 
to carry an extremely low risk of tissue damage due to the low 
absorption of the laser pulses by the tissue at this wavelength 
[ 29 – 32 ]. 

 With respect to the insuffi cient information about the laser 
impact on salivary stones and its possible interaction with tissue, 
this manuscript summarizes experiences using clinically available 
laser systems, e.g., FREDDY laser and the Ho:YAG laser. In addi-
tion to that, it became of interest whether the composition of the 
salivary stone may have any impact on laser type or laser parameter 
chosen by the physician. Thus, different optical techniques were 
used to identify the components of sialoliths, as these data were 
correlated to their fragmentation properties.  
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     Optical Techniques   to Characterize Salivary Stones 

 Photonic techniques to distinguish the components of salivary 
stones are fl uorescence, FTIR spectroscopy, Raman spectroscopy, 
and dual energy computer tomography (DECT). Salivary stones 
extracted from patients with clinical symptoms of sialolithiasis were 
examined in vitro. After extraction, the stones were kept in Ringer 
solution until experiments were started. 

 By means of   fl uorescence techniques    ,  the macroscopic stone 
was illuminated using fi ltered light of a  xenon-arc lamp   to emit in 
the spectral range of  λ  = 355–425 nm. The fl uorescence was docu-
mented by means of a digital camera equipped with a long pass 
fi lter;  λ  < 440 nm. Thereafter, excitation–emission matrices (EEM) 
were obtained by using  a   spectrometer (FluoroMax-2, HORIBA 
Jobin Yvon GmbH) equipped with a specifi c measurement com-
partment coupled to a bifurcated fi ber probe. Excitation was per-
formed in the range of  λ  = 400–450 nm with increments of 5 nm, 
while emission was detected in the spectral range between 
 λ  = 480 nm and  λ  = 750 nm. Evaluating the fl uorescence, green and 
red-green  fl uorescing   salivary  stones   could be distinguished as 
shown in Figs.  1  and  2 . The associated EEM also shows the depen-
dencies of the emission spectra on the excitation wavelength. 
Unfortunately, a direct correlation to a fl uorescing composite of 
the stone could not be done so far.

    Standard analysis procedure of stone composites is  FTIR spec-
trometry . Salivary stones were investigated by means of FTIR  spec-
trometry      in the range from 4000 to 400 cm −1  (Nicolet 380 
FTIR-Spectrometer, Thermo Electron Corporation). The results 
from FTIR spectrometric analysis showed that most sample con-
tent of 75–95 % from carbonate apatite (Ca 10 (PO 4 )
(CO 3 OH)6(OH) 2 ) and minor samples were from complete organic 
compound. Weddellit (CaC 2 O 4  ⋅ 2H 2 O) and Struvit ((NH 4 )
Mg[PO 4 ] ⋅ 6H 2 O) could be identifi ed. 

   Raman spectrometry    analysis procedure was performed in the 
range of 200–3500 cm −1  after excitation with  λ  = 1064 nm of the 
Nd:YAG laser of the Raman spectrometer device (FT-Raman- 
Spectrometer IFS66 and Raman Modul FRA106, Bruker 
Corporation). Evaluation was performed  using   the data base 
HaveItAll Raman and software KnowItAll Raman (Bio-Rad 
Laboratories) for qualitative comparison. The evaluation by means 
of the database results in identifying keratin and carbonate apatite 
in different ratios as the two major components in the salivary 
stone samples. In Fig.  3 , the overlay of the two components and a 
typical salivary stone Raman spectrum is shown.

    Dual energy computer tomography  ( DECT  ) analysis is based 
upon the linear decay of X-ray  energy   within a stone sample. The 
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dependency on the X-ray energy correlates with the order num-
ber of the main composites [ 33 ,  34 ]. Collected  stone   samples 
embedded in Ringer solution were investigated by means of the 
clinically available DECT system (Somatom Defi nition Flash, 
Siemens Medical Solutions) applying two different energies of 80 
and 140 kV in a perpendicular setup. Evaluation was  performed 
  by characterization of the sample density in a region of interest 
( x 80,  x 140) and calculation of the dual energy (DE) index 
according to the following equation: DE index = ( x 80 –  x 140)/
( x 80 –  x 140 + 2000). According to this evaluation, it had been 
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  Fig. 1    ( a )  Green  and   red    fl uorescent salivary stones viewed under blue light excitation ( b , mm-scale). The 
associated EEM shows prominent  blue / green  fl uorescence, while especially red fl uorescence emission 
( λ  = 600–680 nm) could be observed when excitation wavelength is at around  λ  = 400 nm       
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shown that the DE index of pure water is DE(H 2 O) = 0 and for 
bone DE(bone) = 0.1148 [ 35 ]. DECT evaluation results in den-
sity values for the tested sialoliths in the mean of  x 80 = (1643 ± 478)
HU in case of the lower X-ray energy and  x 140 = (851 ± 267)HU 
for the higher X-ray energy. The calculated DE index was 
0.1726 ± 0.022 which is in the range of calcifi ed urea stones. 
   Thus,  especially   the calcifi cation could be derived though a dif-
ferentiation between carbonate apatite and weddellite seems not 
possible.  
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  Fig. 2    ( a ) Pure  green  fl uorescent salivary stone viewed under  blue light  excitation ( b , mm-scale) and associ-
ated EEM without any spectral differentiation       
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    Fragmentation 

 In vitro  fragmentation experiment  s were performed in a standard 
aquarium setup [ 36 ,  37 ] using a lattice with 1.5 mm mesh size 
through which small fragments could escape. Laser energy sources 
for fragmentation served two clinically established Ho:YAG lasers 
(Medilas H20, Dornier MedTech, Germany; Auriga, StarMedTec 
GmbH, Starnberg, Germany) emitting at  λ  = 2100 nm with pulse 
durations of less than 400 μs. With respect to the clinical goal of 
 sialolith   fragmentation, use of the 200 μm-fi ber was mandatory. 
The repetition rate was set to the lowest parameter of 3 Hz, and 
the energy per pulse values were varied: 0.5, 1.0, and 1.5 J/pulse. 
Additional experiments were performed by means of the FREDDY 
laser system (FREquency Doubled Q-switched-Double-pulse 
Nd:YAG Laser) (U100plus, WOM World of Medicine AG, Berlin, 
Germany), which is a short-pulse (pulse duration < 5 μs) solid state 
laser emitting the two wavelengths of 532 and 1064 nm simultane-
ously [ 35 ]. In these experiments, a certain number of salivary 
stones per group were randomly selected to perform experimental 
fragmentation. 

 For evaluation purposes, the salivary stones were weighed 
before and their residuals after fragmentation, additionally the 
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number of pulses and the total applied energy were documented. 
Thus, the fragmentation rate related to time (FT [mg/min]) and 
to energy (FE [mg/J]) could be calculated. Statistical analysis 
included evaluation of mean, standard deviation, and signifi cance 
(one-way ANOVA) with  p  < 0.05. 

 As for the results, Ho:YAG laser  fragmentation   of sialoliths 
proved successful with every laser parameter setting. Even the 
lowest laser parameter setting available confi rmed that as little as 
400 mJ/pulse at a repetition rate of 3 Hz is far above the potential 
ablation threshold for salivary stones. The fragmentation rate 
related to the duration time of the experiment showed an increase 
from 36.6 ± 29.3 mg/min to 74.4 ± 59.3 mg/min and 87.0 ± 72.5 
mg/min without any signifi cance for the group of 0.5 J/pulse, 1 
J/pulse, and 1.5 J/pulse, respectively. The fragmentation rate 
related to the energy setting showed nearly no difference, fi gures 
reading 0.41 ± 0.33 mg/J to 0.41 ± 0.33 mg/J and 0.32 ± 0.27 
mg/J without any signifi cance for the group of 0.5 J/pulse, 1 J/
pulse, and 1.5 J/pulse, respectively. In case of the FREDDY laser, 
stone fragmentation failed in some stones. Stone fragmentation 
into pieces smaller than 0.3 mm in diameter with the Ho:YAG 
laser required more total applied energy than in the  FREDDY 
  laser group. Comparing the mean fragmentation rates of salivary 
stones, the FREDDY laser is signifi cantly more effective than the 
Ho:YAG laser.  

     Soft Tissue Effects   

 Harvested salivary gland tissue was exposed to single pulses of laser 
energy while keeping the fi ber in direct smooth contact to the tis-
sue surface. Tissues were histologically prepared and transversal 
sections were performed to get the depth of the induced effects 
(HE-stain, 5 μm slide). 

 Superfi cially, all impacts, independent of the laser system under 
investigation, could be observed. Histology showed no sign of 
impact by FREDDY and Ho:YAG  energy   of 0.5 J/pulse at tissue 
depth of 30–50 μm, while the higher Ho:YAG laser energy param-
eter resulted in holes within this layer. As shown in Fig.  4 , operat-
ing at 1 J/pulse tissue effects could be observed up to a depth of 
50–70 μm, while the 1.5 J/pulse induced effects more deeply.

       Discussion 

 Endoscopic laser lithotripsy has been commonly used as a   treatment 
for  urinary calculi   since the 1980s [ 38 – 40 ]. Its quick development 
into a routine clinical procedure worldwide is mainly due to the 
fact that the Ho:YAG laser became widely available for clinical use 
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within this time span. This laser system has several advantages: its 
ability to fragment all stones regardless of composition and size, its 
ability to deliver higher energies even through small diameter fi bers 
that are easily defl ected, and minimal retrograde propulsion as well 
as minimal fragment migration when low power settings are used 
[ 41 – 43 ]. 

 So far laser lithotripsy of  salivary stones   has not evolved into a 
routine procedure. First attempts and experiences in laser-assisted 
destruction of sialoliths during the last century [ 8 ,  19 ,  20 ,  22 ] 
used pulsed-dye lasers and excimer lasers. Minor experiments have 
been published since the millennium [ 5 ,  21 ,  24 ]. Following uro-
logic experiments [ 41 – 43 ], the in vitro study comparing the 
Ho:YAG and the Er:YAG lasers in fragmentation of salivary stones 
showed good fragmentation rates [ 23 ]. The main drawback of 
using Er:YAG laser irradiation clinically was to develop a specifi c 
biocompatible laser energy application system, which in contrast is 
already available for Ho:YAG laser application [ 43 ]. 

 Experiments show that compared to the short-pulse duration 
FREDDY laser, the Ho:YAG laser was able to disintegrate all stones 
in a rather slow, but effi cient soft milling process to powder, while 
the type of fragmentation caused by the FREDDY laser looked 
more like cracking stones and was not successful in all cases. The 
aim of lithotripsy in sialolithiasis is the fragmentation of the calcu-
lus into pieces of optimally less than 0.3 mm, to be washed out 
during manipulation or at least less than 2 mm, as these fragments 
could then easily be eliminated from the duct by endoscopy. These 
aims could be achieved with both laser systems. 

  Fig. 4    Tissue slice of layer depth 50–70 μm showing the impacts of single laser 
pulses given at energy levels of 1 and 1.5 J/pulse. At this depth impacts of laser 
pulses of 0.5 J are not visible       
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 The mechanism of the  FREDDY laser   is based upon plasma- 
induced  shockwave generation  , which results in high pressure for 
cracking the stone. This also serves for increased acceleration of 
stone fragments, which then may be impacted into the surround-
ing tissue. Furthermore, increased acceleration results also in effec-
tive repulsion of the stone, away from the laser fi ber, which is an 
energy per pulse dependent effect [ 44 ]. Those effects also increase 
the potential of fi ber burn back. Otherwise the FREDDY tech-
nique is equipped with a passive soft tissue detection unit to guard 
soft tissue from accidental laser impacts. In detail, the green 
532 nm pulse is used to induce the formation of plasma between 
the fi ber and the stones, while the IR energy is deployed to pump 
the plasma, amplifying bubble formation. Its collapse generates a 
mechanical shock wave, which leads to fragmentation of the stone. 
It is supposed that the energy of the green pulse is not high enough 
for any soft tissue interaction in front of the fi ber tip. Instead it 
penetrates into the soft tissue and gets absorbed without major 
thermal effects and without any plasma formation. The IR light 
then also penetrates into the soft tissue causing only a slight increase 
of temperature. Therefore, this technique is thought to provide a 
“passive” safety for soft tissues. 

 The mechanism of the Ho:YAG laser system is related to the 
thermoablation of the stone composites by vaporizing the water 
molecules within the stone, thus being independent from the stone 
composites. Furthermore, between Ho:YAG laser fi ber and target 
stone, a channel (Moses effect) is created by vaporizing the water 
in between; thus a free transmission of the Ho:YAG laser energy 
through the channel onto the target becomes possible. As there is 
no shockwave, the induced pressure waves are reduced compared 
to the FREDDY laser. In addition, the fi bers burn back as well as 
the repulsion effects are also reduced. Unfortunately, there is no 
tissue identifi cation technique comparable to the FREDDY laser; 
thus, the full Ho:YAG laser energy can be delivered to the sur-
rounding tissue resulting in unwanted soft tissue effects. 

 The optical techniques to identify different composites within 
the salivary stones showed some correlation. Although fl uores-
cence correlates with the results of the Raman Spectra, it does 
n either correlates to FTIR spectroscopy nor to DECT. Otherwise 
DECT measurements do correlate with Raman- as well as with 
FTIR spectroscopy. Finally, FTIR spectroscopy showed correlation 
to Raman spectroscopy. Fragmentation and ablation showed no 
correlation to any of the optical diagnostic techniques and thus to 
salivary stone compositions. Fragmentation using Ho:YAG laser 
seems to be independent from stone composition. 

 The analysis of salivary stones due to their components by dif-
ferent photonic techniques showed that each optical technique has 
potential for differentiating the stone components. However, the 
absolute composites could not be identifi ed. Clinical and in situ 
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X-ray techniques are only available. FTIR—as well as Raman—
spectroscopy can only be performed on harvested sialolith samples. 
Fluorescence is not available but could be adapted to endoscopes 
compared to fl uorescence-assisted cystoscopy developed to 
improve clinical diagnosis in bladder cancer [ 45 ,  46 ]. Although 
fl uorescence is not itself suited to improve diagnostic information, 
it could be helpful in discovering the stone as there is an improved 
differentiation to the surrounding tissue. Fragmentation using 
Ho:YAG laser seems to be independent of stone composition. 
Thus a specifi c differentiation for setting up effective laser param-
eters seems unnecessary. With respect to prevent adjacent tissue 
from injury and the endoscope from potential destruction lowest 
possible energy per pulse values above the ablation threshold of 
sialoliths should be applied.  

    Conclusion 

 Although several optical techniques could be used to identify 
salivary stone compositions, there is no correlation to the fragmen-
tation properties using the Ho:YAG laser. Thus, differential diag-
nostic considerations and decision making for specifi c laser 
parameters by the operating surgeon seem to be unnecessary. 
Optical techniques could be easily adapted and may support the 
physician, e.g., by means of intraoperative fl uorescence guidance 
through the submandibular channel to target salivary stones. 
Furthermore, during laser light application fl uorescence tech-
niques may help to differentiate the target stone from surrounding 
tissue to prevent soft tissue from unwanted laser impact. For the 
treatment of sialoliths by means of laser-assisted lithotripsy by 
Ho:YAG  laser  , a suitable endoscope with working channel to guide 
the laser fi ber is essential. Ho:YAG induced fragmentation rates in 
terms of mg/J did not differ signifi cantly, as shown in the present-
edexperiments. Thus low energy per pulse and repetition rates, 
e.g., 0.5 J/pulse and 3 Hz can be recommended and side effects 
to soft tissue can be reduced. Adhering to these principles, benefi -
cial clinical outcome while maintaining the patient’s safety can be 
achieved.     
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    Chapter 12   

 Laser Treatment for Vascular Malformations 
and Hemangiomas in the Head and Neck                     

     Tara     L.     Rosenberg     ,     James     D.     Phillips     , and     Gresham     T.     Richter       

       Background 

 In the 1960s, continuous wave argon and carbon dioxide (CO 2 ) 
lasers were used in the treatment of port-wine stains (PWS) and 
hemangiomas. However, these lasers resulted in skin changes and 
scarring, thus limiting their use in the treatment of  cutaneous 
vascular lesions  . Since the early attempts at therapeutic usage, 
laser technology and laser use in vascular anomalies have signifi -
cantly improved. In particular, the work of Anderson and Parrish 
in the 1980s revolutionized laser treatment for skin and vascular 
lesions [ 1 ]. 

 The International Society for the Study of Vascular Anomalies 
(ISSVA), an organization founded in 1992, established a com-
monly used classifi cation system for vascular anomalies. This was 
based upon the 1982 work of Mulliken and Glowacki [ 2 ,  3 ] and 
has been updated in 2014. Vascular tumors and vascular malforma-
tions comprise the two main types of  vascular anomalies  .  Infantile 
hemangioma   is the most common vascular tumor. Vascular malfor-
mations are divided into slow fl ow, fast fl ow, and combined vascu-
lar malformations, with each specifi c malformation’s classifi cation 
based upon the type(s) of vessels involved [ 4 ]. 

 Lesions with the following features respond best to laser 
 treatment: superfi cial, small caliber vessels that are slow fl ow. 
Such lesions include capillary malformations (i.e., port-wine 
stains), superfi cial hemangiomas, and venous malformations 
(VMs). Pati ents with fast-fl ow lesions (e.g., arteriovenous mal-
formations)  currently have no established treatment options with 
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laser therapy. Clinical work is underway, however, to identify 
effective laser  therapy options for these patients. This chapter will 
focus on the most common vascular anomalies managed with 
laser therapy, how to identify them, and the ideal laser options for 
each lesion.  

   Introduction to Vascular Anomalies 

   Approximately, 75 % of port-wine stains ( PWSs  ) (i.e., capillary 
malformations of the dermis) are  located   in the head and neck 
regions [ 5 ]. They occur in approximately 0.1–0.3 % of infants and 
are the most common congenital vascular malformation [ 6 ]. PWSs 
are red to purple in color and have a fl at, macular appearance. They 
are composed of ectatic and superfi cial small vessels that gradually 
increase in diameter over time. The natural progression of the 
affected areas involves darkening and hypertrophy of the lesions, 
resulting in nodular, thick plaques that may cause disfi gurement 
and resultant psychological disturbance [ 7 ,  8 ]. 

  Sturge–Weber syndrome      [ 7 ] is a sporadic congenital neuro- 
oculo- cutaneous disorder that classically involves the following: 
PWS of the ophthalmic branch of the trigeminal nerve (V 1 ) skin 
distribution, leptomeninges of the brain, and eye(s). Clinical 
 manifestations may include stroke, seizures, glaucoma, and intel-
lectual disability [ 9 ]. Ocular and/or neurologic fi ndings are more 
likely to be found in patients with a PWS involving the entire V 1  
distribution [ 10 ].  

   Venous malformations ( VMs  ) frequently occur in the head and 
neck, especially in muscle, skin, subcutaneous tissue, and mucous 
membranes. They may be focal, multifocal, or diffuse, and their 
location and size may vary [ 11 – 14 ]. VMs are comprised of tor-
tuous, thin-walled veins with a single endothelial lining [ 15 ]. 
Gradual vascular  expansion   makes these congenital lesions more 
noticeable with age. Rapid expansion may occur during fl uctua-
tions in hormones (e.g., puberty or oral contraceptive use), after 
trauma, or with acute thrombosis. With episodes of acute throm-
bosis, VMs demonstrate local intravascular coagulation (LIC), 
which is thought to lead to acute or chronic pain, a phenomenon 
unique to VM patients when compared to other vascular anoma-
lies. VMs produce a characteristic blue hue when near the sur-
face of skin/mucosa. Also, they are soft and compressible and 
expand when in a dependent position, during exercise, or with 
Valsalva [ 14 ].  

 Port-Wine Stains

 Venous Malformations
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   Lymphatic malformations ( LMs  ), previously known as lymphan-
giomas or cystic  hygromas  , are comprised of ectatic lymph vessels 
that convalesce into a neoplastic lesion. Defi ned by the caliber of 
the vessels involved, LMs may be macrocystic (>2 cm 3 ), microcys-
tic (<2 cm 3 ), or contain mixed components of each [ 16 ]. As slow- 
fl ow lesions, LMs lack pulsation and warmth. They are 
noncompressible and do not engorge when in a gravity-dependent 
position (as do venous malformations). LMs vacillate in size 
according to the relative production of lymph from local infl amma-
tion.  Microcystic   LMs can be infi ltrative into tissue and represent a 
very diffi cult entity to address. At times, VMs and LMs will occur 
together to create a venous lymphatic malformation. This is com-
mon in microcystic or mixed LMs.  

    Hemangiomas  , the most common vascular tumors [ 4 ], are divided 
into two main types: infantile hemangiomas ( IHs  ) and congenital 
 hema  ngiomas ( CHs  ). Approximately 5 % of children are born with 
IHs.  These   lesions have a unique growth curve that begins with a 
rapid growth phase (proliferating phase) that occurs in the first few 
weeks to months of life. The second phase is a quiescent period of 
several months, which is then followed by the third phase of invo-
lution. The process of involution involves slow regression of the 
hemangioma until around the age of 5–6 years. After completion 
of this natural course, a fully involuted hemangioma may result in 
normal-appearing skin, atrophic skin, scattered superficial red vas-
cular staining, a fibro-fatty residuum, or a combination of these 
findings. IHs may be defined by their depth of involvement: super-
ficial, compound (involving the skin and subcutaneous structures) 
and deep.  They   may also be classified as focal or segmental. 
Segmental lesions have a more aggressive nature and tend to be 
diffuse, larger, and plaque-like [ 17 ]. Each growth phase in 
 segmental disease is prolonged. Glucose transporter-1 protein 
(GLUT-1) is a marker for the  endothelium   of IHs, since they are 
positive for this immunostain [ 4 ]. 

 Infantile hemangiomas may also occur in the subglottis. 
Though rare, they can be life threatening if airway obstruction 
occurs. Patients with subglottic hemangiomas present with bipha-
sic stridor, usually during the proliferative phase at 6–12 weeks of 
age. It is important to be cognizant of the potential presence of 
 subglottic   hemangiomas in patients with cutaneous IHs in a beard 
distribution as they are at increased risk (>50 %) of having these 
lesions compared to other patients with focal disease. Patients with 
hemangiomas in the beard distribution should also be evaluated for 
PHACES syndrome (posterior fossa malformation, hemangiomas, 
arterial anomalies, cardiac defects, eye abnormalities, and sternal 
defects). Subglottic hemangiomas have been effectively treated 

 Lymphatic 
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 Hemangiomas

Laser Treatment for Vascular Malformations and Hemangiomas in the Head and Neck



170

with a number of therapies including oral propranolol, systemic 
steroids, intralesional steroid injection, open excision, and endo-
scopic laser ablation [ 18 ,  19 ].   

   Basic Laser Concepts 

 Hemoglobin (either oxygenated or deoxygenated) is the target 
chromophore during the laser treatment of vascular lesions. 
Superfi cial lesions are treated by lasers with short wavelengths 
because they have more shallow depth of penetration. The pulse 
duration of each laser determines in part the vessel diameter that 
can be treated. Less time (i.e., shorter pulse duration) is needed to 
cause destruction of smaller vessels. Early PWSs and proliferating 
hemangiomas are examples of small vessel lesions (vessels ≤100 μm 
in diameter). The fl ashlamp-pumped dye laser (i.e., pulsed dye 
laser or PDL) has a pulse duration of 500–1500 μs and is used to 
treat small vessel lesions. Intermediate to advanced PWSs and 
involuting hemangiomas are examples of medium vessel lesions 
(vessels 100–400 μm in diameter). These lesions require a pulse 
duration between 10 and 100 ms for an appropriate response, and 
the potassium titanyl phosphate (KTP) laser may also be used. 
Advanced PWSs and VMs are examples of large vessel lesions 
 (vessels >400 μm in width). These lesions require a longer pulse 
duration (e.g., around 0.1–1 s) for treatment. Neodymium:yttrium–
aluminum–garnet (Nd:YAG) lasers may be used for some large ves-
sel lesions, such as VMs, partly because they are able to deliver a 
longer pulse duration [ 1 ].  Laser wavelengths and settings   for the 
most commonly used lasers in the treatment of vascular anomalies 
are listed in Table  1 .

      Laser Use in Vascular Anomalies 

   The standard treatment for PWS is  PDL therapy  . This treatment 
may begin as early as infancy. Early treatment has proven to be 
safe and effective with or without anesthesia. PDL therapy has 
been shown by some to be more effective in the pediatric popula-
tion when compared to adults [ 20 ]. Ashinoff et al. reported that 
after an average 2.9 treatment sessions for their PWSs, 83 % of 
the infants demonstrated greater than 50 % lightening of the 
lesions. After an average 3.8 sessions, 45 % of patients experi-
enced 75 % lightening. These results were obtained without skin 
complications [ 21 ]. 

 Lighter, circular spots may be seen after PDL treatment from 
the focused area of laser application. The dark areas in between are 
treated with repeat therapy, and continued therapy is required for 
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overall long-term control. Serial PDL treatments are typically 
scheduled every 4–6 weeks. However, some advocate for better 
results with shorter intervals [ 22 ]. Intervals of every 2–3 months 
may be selected for younger patients who require general anesthe-
sia. When a plateau is reached (no improvement in appearance), 
treatment should be discontinued. 

 About 20 % of PWSs are PDL-resistant, and complete resolu-
tion with PDL as a  single modality therapy   only occurs in less than 
10 % [ 23 ]. There are multiple factors that have been postulated to 
contribute to PWS  laser resistance  : lesion size, patient age, skin 
thickness, anatomical location, number of prior treatments, and 
vessel characteristics [ 24 ]. Poor responders may include midfacial 
lesions and those in the  trigeminal   distribution. At 5 years after the 
completion of PDL treatments, 16–50 % of patients experience 
darkening of their lesions [ 25 ,  26 ], thought to be due to vessel 
regeneration and lesion revascularization [ 27 ]. 

 Other laser therapies have been used with some benefi t in 
PDL-resistant PWSs such as the Alexandrite laser. The  Alexandrite 
laser      has a longer wavelength and thus a greater depth of penetra-
tion than the PDL at a 755 nm wavelength. It also has greater 
affi nity for deoxyhemoglobin, which is present in higher concen-
trations in large capillary, venular, and venous channels [ 28 ]. The 
 GentleYAG   ®  laser may also be applied to PDL-resistant PWSs [ 24 ] 
as well as intense pulsed light (IPL) therapy [ 29 ]. The latter treat-
ment modality has a rectangular treatment spot with a broad base, 
which may be advantageous. PDL, however, seems to remain the 
preferred initial treatment by some patients [ 7 ]. 

 Therapeutic adjuncts exist for laser treatment in PWSs. There 
are reported studies in site-specifi c pharmaco-laser therapy and 
PWS lesion hemodynamic changes in the perioperative period [ 24 , 
 29 ]. Rapamycin (antiangiogenic agent) applied topically has been 
combined with PDL treatment, which shows some promising 
results in animal models to decrease lesion regeneration/revasular-
ization. This may increase the overall effi cacy and duration of PDL 
treatment effects in PWS [ 27 ,  29 – 32 ]. Compared to PDL therapy, 
Klein et al. reported patient subjective improved outcomes with 
indocyanine green-augmented diode laser (ICG+DL) therapy in 
PWS. However, there was no objective difference in outcomes 
between the two therapies. Furthermore, patient-reported pain 
levels were higher for ICG+DL treatment when compared to stan-
dard PDL therapy [ 33 ]. Klein et al. reported later that ICG+DL 
therapy benefi ts only a minor portion of PWS patients [ 34 ].  

   Treatment of head and neck venous malformations usually requires 
multimodality treatment: sclerotherapy, surgical excision, laser 
therapy,  or   a combination of these treatments. In 2012, Richter 
and Braswell summarized the treatment modalities for head and 
neck VMs, which included laser therapy. Some deep VMs of the 

 Venous Malformations
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parotid, muscle, or tongue may respond to laser intervention. 
Other VMs that may be treated with laser therapy include superfi -
cial and deep mucosal lesions and superfi cial cutaneous lesions 
[ 14 ]. Nd:YAG (1064 nm) and Alexandrite (755 nm) lasers are 
often used due to their affi nity for deoxyhemoglobin and their lon-
ger wavelengths [ 29 ]. 

 The  GentleYAG   ®   laser   and  Alexandrite laser      are used to treat 
cutaneous VMs. The benefi t of the GentleYAG ®  laser is the emis-
sion of a cryogen burst immediately before and/or after the laser 
pulse in order to decrease thermal damage to the skin [ 14 ,  35 ]. 
Venous telangiectasias are better treated by the  Alexandrite   laser, 
and larger superfi cial veins respond better to the GentleYAG ®  laser 
[ 14 ]. Laser therapy may be used in the management of complex 
cervicofacial VMs to treat mucocutaneous disease and to thicken 
the  tissue at the sites of the lesions to allow for better response and 
fewer complications when subsequent sclerotherapy and/or sur-
gery are employed [ 35 ]. 

 Mucosal  VMs   respond well to the Nd:YAG  laser  . Aerodigestive 
lesions of the lips, gingiva, buccal mucosa, tongue, tongue base, 
pharynx, nasopharynx, hypopharynx, larynx, and trachea may all 
be treated with this laser via direct visualization or endoscopic 
application (Fig.  1 ). Distal lesions, may require the use of the 
Nd:YAG laser fi ber attached to a Hopkins telescope to allow for 
simultaneous visualization and treatment of the lesions. There is 
instant decrease in size of the treated mucosal VMs after the laser 
pulse as the ectatic venous channels shrink. Initially, treatment ses-
sions are performed about every 3 months until lesion control is 
reached. Patients with a low burden of disease may require only 
1–2 treatments for disease control, but for many patients, an 
 average of four treatments is necessary [ 13 ]. A short course of 

  Fig. 1    Nd:YAG laser therapy of mucosal venous malformation of the nasophar-
ynx. Immediate shrinkage at laser site with pinpoint mucosal thermal injury       
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postoperative steroids may help alleviate edema and pain. Rare 
complications include bleeding, scarring, and mucosal sloughing 
[ 11 ,  13 ,  14 ,  35 ].

    Interstitial laser therapy   using the Nd:YAG laser is an alterna-
tive treatment to surgical excision for deep, large vessel VMs 
located in the masseter muscle, deep parotid, tongue, and neck 
(Fig.  2 ). Often with ultrasound guidance, a 14-gauge needle is 
inserted directly into the VM, and a Nd:YAG glass laser fi ber is 
passed through the needle. This permits ablation of the VM within 
the vessels, while the needle and laser fi ber are slowly withdrawn 
from the lesion [ 11 ,  36 ]. During treatment, one may experience 
an audible pop of the vessels responding to the laser, and instant 
lesion shrinking may be seen [ 14 ].

      Depending on the location and caliber of an individual LM, surgi-
cal excision and aspiration with  sclerotherapy   represent the main-
stays of treatment, with both modalities achieving comparable 
rates of success [ 37 ]. However, for lesions near the surface of the 
mucosa in the head and neck, laser therapy has proven to be a use-
ful adjunct for treatment. 

 As space-occupying lesions, LMs of the  upper aerodigestive tract   
may cause dysphagia, dysarthria, or airway obstruction. Lesions of 
the tongue can ulcerate, leading to halitosis or bleeding [ 38 ]. 
Complete surgical resection is often not an option for infi ltrative 
lesions of the upper aerodigestive tract due to the associated risks to 
tongue mobility, swallow function, glottic impairment, etc. Laser 
debulking or resurfacing thus becomes an effective measure for the 
temporization of symptoms. Both CO 2  and Nd:YAG lasers have been 
effectively applied to lesions of the oral tongue [ 39 ,  40 ], tongue 
base [ 41 ,  42 ], and larynx [ 43 ] (Fig.  3 ). Glade and Buck miller 
reported a 10-year experience using CO 2  laser resurfacing of oral 
LMs, indicating both the effi cacy and safety of this  technique [ 39 ]. 
In the study, patients underwent an average of three laser procedures. 

 Lymphatic 
Malformations

  Fig. 2    Interstitial Nd:YAG laser therapy of right neck venous malformation       
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Though a small sample size due to the rarity of the disease, all patients 
reported improvement of symptoms including swelling, bleeding, 
and pain. Combined with suspension of the airway and microscopic 
or endoscopic techniques, serial intervention is often required as 
lesions wax and wane.

      Not all hemangiomas are candidates for laser therapy. The main 
lesions that may be treated effectively with laser therapy include the 
following: (1) cutaneous precursor lesions, (2) early proliferating 
superfi cial lesions (particularly in cosmetically concerning areas), 
(3) hemangiomas (superfi cial or compound) with skin ulceration/
bleeding [ 44 ], (4) superfi cial hemangiomas with extremely fast 
growth, and (5) involuting hemangiomas with residual telangiecta-
sias [ 45 ]. There are several possible risks of laser treatment to IHs: 
pain, swelling, hypo/hyperpigmentation, temporary purpura, 
ulceration/blistering, and scarring [ 46 – 48 ]. 

 The pulsed-dye laser ( PDL  ) is the most commonly used laser for 
the treatment of  hemangiomas   (Fig.  4 ). Treatment of superfi cial IHs 
in the proliferative phase by PDL results in decreased overall growth 
of the lesion [ 44 ]. PDL therapy is not as effective on lesions greater 
than 3 mm in thickness, deep lesions, or compound disease due to 
limited depth of tissue penetration by this laser [ 49 ,  50 ].

   Involuted IHs may require various interventions depending on 
the residual changes that are present. For overlying telangiectasias, 
PDL therapy is indicated [ 45 ]. The fractionated CO 2  laser may be 
used for skin resurfacing of involuted IHs that have atrophic skin 
or scarring [ 51 ]. Involuted IHs with substantial volume may result 
in  residual fi brofatty tissue  . This bulky, nonpigmented tissue does 
not respond to laser therapy, and surgical excision is usually neces-
sary to give a good cosmetic outcome. 

 Hemangiomas

  Fig. 3    Floor of mouth and tongue microcystic lymphatic malformation before and after CO 2  laser therapy       

 

Tara L. Rosenberg et al.



177

 The  CO 2  laser   is the most commonly used laser in the  treatment 
of subglottic hemangiomas. This laser is effective (~89 % success 
rate) in reducing the lesion size and decreasing symptoms. 
However, subglottic stenosis may occur if multiple or overly 
aggressive laser treatments are performed and sparing the underly-
ing perichondrium from laser damage is paramount [ 18 ]. With the 
advent of  propranolol therapy   in the treatment of IHs (including 
those in the subglottis), CO 2  laser use may not be needed. Instead, 
combination therapy with oral administration of propranolol and 
intralesional injection of steroids (kenalog/celestone) for subglot-
tic hemangiomas may be suffi cient. 

  Propranolol   is now the fi rst-line medical therapy for large, mul-
tiple, or complicated IHs. Given the good response rates to this 
therapy, surgery or other intervention may not be necessary in many 
patients [ 52 ,  53 ]. However, in many patients the PDL is required 
to assist in fi nal control of superfi cial vascular staining from IH.   

   Conclusion 

 The treatment of head and neck vascular anomalies using laser 
therapy has steadily advanced since the 1980s. Capillary malfor-
mations, venous malformations, lymphatic malformations, and 
 infantile hemangiomas are good candidates in select cases for laser 
therapy of superfi cial cutaneous or mucosal disease. The PDL, 
Nd:YAG, Alexandrite, and CO 2  lasers are most commonly used for 
vascular anomalies. Signifi cant complications are rare, and good 
patient outcomes/satisfaction support the continued use of laser 
therapy for these lesions. Further research in this area is imperative 
to continue progress and innovation in the fi eld.     

  Fig. 4     Nasal   superfi cial infantile hemangioma before and 6 months after three pulsed-dye laser (PDL) 
treatments       
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   Part II 

   Advanced Therapeutic Concepts of Light Therapy 

                Introduction 

 Light interacts with tissue through photothermal, photoacoustic, 
and photochemical mechanisms. Essentially, the tissue effect of these 
interactions is related to the characteristics of the light and the result-
ing distribution of photons within the tissue. Accordingly, the prop-
erties of light can be selected to modify tissue in a highly specifi c 
way. In clinical applications within the head and neck, the impor-
tance of using an optical technique is that light can be precisely 
delivered to alter tissue using minimally invasive technologies. 

 There are innumerable areas where light can be used to alter 
tissue structure and behavior. As such, optical therapeutics and 
diagnostics are appearing in many advanced applications. The top-
ics selected in this subsection focus on emerging areas where clini-
cal effi cacy is beginning to be established within the head and neck. 
These selected applications are associated with optimistic results 
and are continuing to be developed through translational research. 

 An important emerging application within optical therapeutics 
is the use of lasers as applied to transoral robotic surgery (TORS). 
Tumors can be resected from within the upper airway using this 
minimally invasive technique, while reducing the cosmetic and 
functional morbidity associated with more radical surgical maneu-
vers. The robotic approach improves visualization and access to 
constrained spaces and aims to increase precision and stability. 

 Although robotic surgery was initially designed to use electro-
cautery as a method to cut and coagulate, the implementation of 
laser systems for performing similar functions has been gaining pop-
ularity. Compared to electrocautery, lasers have been shown to 
decrease collateral thermal tissue damage and increase precision dur-
ing tumor resection. Both carbon dioxide (CO 2 ) and thalium- doped 
yttrium-aluminum-garnet (Th:YAG) lasers have been demonstrated 
with positive results. The well-fi tting union between TORS and 
lasers will continue to strengthen with improved integration of fl ex-
ible laser light carriers and optimization of laser parameters. 
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 Optical therapeutics also play a signifi cant a role in minimally 
invasive cartilage reshaping, such as for correcting deformities of 
the ear and nasal septum. This novel technique treats cartilage tis-
sue similar to a thermoplastic material by using heat to alter the 
biophysical properties of the cartilage and producing shape change. 
The signifi cant advantage of this technique is that it does not rely 
on making incisions through the skin or mucosa. The process of 
laser cartilage reshaping simply involves deforming the tissue into 
the required shape, irradiating the deformed region with laser 
energy, and splinting the tissue for a period after the procedure. 
Laser cartilage reshaping has not been widely adopted; however, 
several large case series have demonstrated successful results with 
nasal septal straightening auricular reshaping. 

 In contrast to the various high-powered laser applications that 
rely on the generation heat, low level laser therapy (LLLT) uses 
low energy to alter tissue without a signifi cant increase in tempera-
ture. This therapeutic modality, which relies on photochemical 
effects, has been investigated for the treatment of several head and 
neck conditions that otherwise have limited treatment options. In 
hearing-related studies performed on animal models, LLLT dem-
onstrates strong evidence for improving acute noise-induced hear-
ing loss and ototoxic hearing loss, likely as a result of recovery of 
cochlear hair cells. Furthermore, there is encouraging evidence for 
the use of this technology for the treatment of vestibular dysfunc-
tion. Several clinical studies have been performed using transcanal 
LLLT for the treatment of tinnitus, but with mixed results, which 
may be due to differences in dosing. Clinical studies have also been 
performed for the use of LLLT for the treatment of allergic rhini-
tis, oral mucositis, and neck pain with promising fi ndings. 

 A wide range of advanced optical therapeutic applications 
within the head and neck are gaining clinical acceptance through 
translational research. The subsequent chapters will provide a 
detailed description, operating principles, and recent progress of 
these emerging application technologies.       

Part II Advanced Therapeutic Concepts of Light Therapy
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    Chapter 13   

 Transoral Robotic Surgery and Lasers                     

     James     Attra      and     Niels     Kokot       

        Introduction to Transoral Robotic Surgery 

 The concept of  automata   devised to replace or enhance human 
function dates back millennia. Scattered throughout the writings 
of the earliest great civilizations, one can fi nd myriad examples of 
constructs devised to mimic humans in form and performance [ 1 ]. 
Among the most intriguing and anatomic of these early robot 
designs were the creations of the great Renaissance polymath 
Leonardo da Vinci, which included plans for a mechanical knight 
complete with an articulating neck and mandible [ 2 ]. Although 
 medical robotics   was initially pioneered in the 1980s, the intersec-
tion of robotics and otolaryngology began in 1995 with robot- 
automated microdrill stapedotomy and over the past decade has 
progressed to more sophisticated applications in  head and neck 
surgery   [ 3 ]. 

 The aptly named  da Vinci Surgical System      (Intuitive Surgical, 
Sunnyvale, California, USA) has been approved for use in general 
surgery since 1997 and has been predominantly utilized in uro-
logic and cardiac procedures [ 4 – 6 ]. It remains the only robot cur-
rently approved for clinical use in head and neck surgery, and in 
December of 2009, the Food and Drug Administration approved 
the system for use in transoral resection of benign and malignant 
tumors of the upper aerodigestive tract relegated to T1 and T2 
status. 

 Engineered to improve visualization, precision and stability, 
the system consists of four  components  : a surgeon’s console, 
patient sidecart, vision system, and  Endowrist instruments   (Fig. 
 1 ). The operating surgeon is seated at the console and manipu-
lates glove-like master controls, which direct instruments in the 



184

operative fi eld (Fig.  2 ). Each instrument arm has seven degrees of 
freedom: three translational (up and down, left and right, forward 
and backward), three rotational (roll, yaw, and pitch), and one 
grip (cutting, grasping, etc.). The system provides for precise 
motion- scaling of the operators hands to a microlevel and adds 
tremor reduction. The  vision system   utilizes a dual-lens endo-
scope to provide a high-defi nition stereoscopic 3D view of the 
operative fi eld. The endoscope is available in 0 and 30° orienta-
tions, enabling nonlinear exposure if necessary, such as in surgery 
of the tongue base or  larynx  . The patient side cart supports four 
robotics arms which accommodate an array of surgical instru-
ments including various dissectors, graspers, monopolar and bipo-
lar cautery, as well as the endoscope (Fig.  2 ). While costly, the 
system has been embraced in the fi elds of urology, general surgery, 
cardiac surgery, and gynecology based on demonstrated benefi ts 
in reducing blood loss and complication rates while ameliorating 
the learning curve for novice surgeons [ 7 ,  8 ]. Increased cost 
(approximately US$1.5 million coupled with US$100,000 yearly 
maintenance fee) and operating room setup time as well as a lack 
of  tactile sensory feedback   have been commonly cited as general 
drawbacks of the system and of robotic surgery in general.

        Rationale for TORS 

 The head and  neck      is a sensitive anatomic region that associates 
the critical functions of respiration, phonation, and deglutition, 
while the cosmetic form of the head and neck is of obvious soci-
etal and psychological importance. Thus, preservation of function 
and avoidance of deforming, radical maneuvers are paramount 
principles well-served by minimally invasive surgery through the 
oral aperture. Traditionally, most malignant lesions of the  oro-
pharynx   are accessed via lip-splitting mandibulotomy, allowing for 
direct visualization and direct manual access to the tumor to 

  Fig. 1    Schematic demonstrating  components   of the da Vinci Surgical System, including operator console, 
Endowrist instruments, and video tower       
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achieve adequate surgical margins, as well as control of the great 
vessels in the neck. Immediate surgical morbidity includes the 
need for either regional or free fl ap reconstruction, requisite long 
operative times, and increased blood loss. In general, the natural 
orifi ces in the head and neck are inviting to minimally  invasive 
endoscopic techniques  . Additionally, most patients undergoing 
these procedures require a tracheotomy and feeding tube place-
ment. Patients undergo prolonged rehabilitation with variable 
recovery of speech and swallowing function that may be further 
impaired by adjuvant radiation or  chemoradiation  . 

 In an effort to curtail the morbidity associated with open 
approaches, investigators in the 1980s and 1990s led landmark tri-
als of organ-preserving combined therapy for head and neck squa-
mous cell carcinoma. The  Veterans’ Affairs Laryngeal Cancer study   

  Fig. 2    Array of different  Endowrist instruments   used in TORS       
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and  RTOG 91-11   demonstrated equivalent survival with laryngeal 
preservation in patients treated with primary combined chemora-
diation compared to total laryngectomy followed by adjuvant radi-
ation [ 9 ,  10 ]. Similar survival outcomes were seen when these 
treatment schema were applied to oropharyngeal carcinomas [ 11 ]. 
Increased sensitivity of human papillomavirus-induced  carcinomas   
to primary chemoradiation seems to also have expanded the role 
for nonsurgical protocols [ 12 ]. Given the results of these organ 
preservation trials, primary treatment for head and neck squamous 
cell carcinoma has undergone a paradigm shift whereby chemora-
diation is viewed as a viable organ-preserving fi rst-line therapy at 
many institutions. 

 Despite this evolution, there continues to be an impetus to 
develop a therapy that avoids the morbidity of radical surgery 
while mitigating the long-term functional sequelae of primary 
chemoradiation. The development of transoral laser microsur-
gery ( TLM)   in the 1970s heralded the possibility of equivalent 
locoregional control of disease through a minimally invasive 
approach, but technical challenges have hindered its widespread 
use among head and neck cancer surgeons [ 13 ]. Necessitating 
single-handed surgery performed through a rigid laryngoscope 
and utilizing a “line-of- sight” microscope-mounted CO 2  laser, 
TLM presents many equipment- related compromises that are 
elegantly obviated by robotic technology. Offering nonlinear 
endoscopy and wristed instrumentation, the da Vinci system 
grants the operator a much wider view of the surgical fi eld and 
allows more natural multiplanar tissue dissection than transoral 
surgery using a  microscope  . 

 The acronym TORS (transoral robotic surgery) was coined 
by investigators at the University of Pennsylvania, whose system-
atic and pioneering work in cadaver laboratory feasibility studies 
and later in animal and human series helped to establish a defi ni-
tive role and safety profi le for robotics in head and neck surgical 
oncology [ 14 – 17 ]. Through their efforts,  operating room setup   
of the da Vinci robot for TORS was made systematic and repro-
ducible and the importance of utilizing a suitable mouth gag for 
introducing the instrument arms into the surgical fi eld was eluci-
dated (Figs.  3 ,  4 , and  5 ). The investigators found that TORS 
offered the benefi ts of avoiding the negative functional and cos-
metic sequelae of lip- splitting mandibulotomy while providing 
for decreased operative time, blood loss, and increased visualiza-
tion for tumors of the oropharynx and larynx [ 17 – 19 ].  Wristed 
instrumentation   rendered possible various “open” surgical 
maneuvers unable to be performed with more restrictive tradi-
tional techniques, including dissection in an axial plane and cau-
dal-to-cranial vector. Patients treated with TORS also enjoy more 
rapid recovery and decreased rates of tracheotomy and feeding 
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  Fig. 3     Operating room side table   with mouth gags commonly employed in TORS       

  Fig. 4    Standard operating room  layout   using the da Vinci Surgical System for TORS       
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tube placement, all while experiencing equivalent oncologic out-
comes [ 19 – 26 ]. Thus, robotic surgery through the  oral aperture   
developed widespread applicability as a viable alternative to tradi-
tional open and transoral approaches for defi nitive treatment of 
laryngopharyngeal tumors. Following FDA approval of TORS in 
2009, a wide variety of other head and neck applications are 
under active investigation, including resection of  parapharyngeal 
space tumors  , combined techniques for transoral total laryngec-
tomy, skull base surgery, glottic surgery, intraoral free fl ap recon-
struction, retroauricular neck dissection, and submandibulectomy 
[ 4 ,  27 – 35 ].

         Incorporation of  Laser Technology      

 Despite the litany of technical advantages, adaptation of the da 
Vinci system, which was designed primarily for abdominal proce-
dures, to applications in otolaryngology has not been without 
challenges. The need for more tailored instrumentation, smaller 
robotic arms and a more acute working angle continue to spur 
technical innovation in the fi eld of head and neck robotic surgery. 
Among these has been the incorporation of laser technology for 
tissue resection and ablation. 

 Proven and celebrated by their respective bodies of literature 
in otolaryngology, TORS and laser technology seem an ideal 

  Fig. 5     Patient sidecart orientation   for TORS, with instruments arms oriented at the head of bed       
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 marriage for the treatment of head and neck malignancies, particu-
larly of the supraglottic and glottic larynx. Since its introduction to 
transoral surgery in the 1970s, transoral CO 2  laser resection of 
laryngopharyngeal tumors has been recognized as advantageous in 
reducing collateral thermal damage and offering improved preci-
sion and hemostasis when compared to conventional monopolar 
electrocautery, properties ideal for laryngopharyngeal surgery 
[ 13 ,  36 ]. However, as alluded to previously, the protocol for TLM 
utilizes an instrument setup with a fi xed single axis of resection via 
the line-of-sight of the mounted laser through a rigid laryngo-
scope, placing the surgeon a good distance from the operative fi eld 
and necessitating sometimes awkward and constrained surgical 
maneuvers. Diffi culty in mastering the subtleties of this technique 
has limited its use in earnest to a handful of major centers [ 37 ]. 

 TORS has traditionally relied upon the proprietary monopolar 
and bipolar electrocautery instruments manufactured by Intuitive 
Surgical for cutting and hemostasis, raising concerns over unneces-
sary collateral tissue carbonization, increased postoperative crust-
ing and edema, and histologic distortion of the specimen. Studies 
of mucosal incisions in animal models have suggested superiority 
of laser tissue ablation compared to conventional electrocautery in 
this regard [ 38 ,  39 ]. This consideration is particularly relevant to 
laryngeal and hypopharyngeal surgery, where precision and mini-
mization of edema are of added importance [ 40 ,  43 ]. It would 
seem that the convention of TLM offers an ideal resecting and 
ablating tool in the CO 2  laser but with a nuanced and sometimes 
diffi cult delivery of the instrument, while conventional TORS 
presents a more capable delivery platform but suffers from the 
drawbacks of electrocautery. Therefore, it was no long before sur-
geons began searching for  ways   to adapt laser technology to the 
robot to reap the potential benefi ts of both.  

    CO 2  Laser 

 The carbon dioxide laser uses a gaseous state active medium to 
deliver energy at 0.1–100 W with a wavelength of 10,600 nm. It 
generally ablates to a depth of 200 μm and its chromophore is 
water. The benefi ts of the CO 2  laser for resection of  laryngeal 
lesions   are well-described, particularly within the context of 
TLM. With the advent of the fi rst hollow-tube fl exible carrier for 
the CO 2  laser (OmniGuide company, Cambridge, MA, USA) it 
became possible to channel laser energy distally to the tip of the da 
Vinci instrument arms, empowering the laser with a range of 
motion unprecedented in previous transoral surgery techniques. 
Pilot studies emerged in the late 2000s documenting feasible use 
of the CO 2  laser in resection of  supraglottic and oropharyngeal 
tumors  . Early mechanics for introducing the hollow fi ber into the 
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operative fi eld included a side channel manually welded to an 
instrument arm, which proved to be unsatisfactory, an Endo- 
Sheath (Vision Sciences, Natick, MA, USA), and fastening the 
fi ber to the tip of the monopolar cautery [ 41 ,  42 ]. Currently, 
Omniguide manufactures a metallic fl exible coil (Flexguide 
ULTRA, Omniguide company, Cambridge, MA, USA) that 
attaches to the proprietary da Vinci needle driver and accommo-
dates a CO 2  laser fi ber. Pictured is the instrument setup and use in 
performing a robotic  supraglottic laryngectomy   (Figs.  6 ,  7 ,  8 ,  9 , 
 10 ,  11 ,  12 , and  13 ). In 2007, Solares et al. presented use of a fl ex-
ible hollow-core fi ber to conduct a CO 2  laser for cadaveric, ani-
mal, and human trials of robot-assisted supraglottic partial 
laryngectomy [ 41 ]. An  Endo-Sheath system   was used to couple 
the laser to the robotic arm. Laser energy was delivered in con-
tinuous wave mode at 7.2–10 W. Proof-of-concept and feasibility 
were demonstrated in human cadaver and living canine  models   
and the authors were able to successfully perform the procedure 
on a single patient, for the fi rst time combining laser technology 
with a TORS approach to treat a living human subject. Inadequate 
exposure prevented surgery in the remaining two patients in the 
series. Later in 2008, Desai et al. conducted a prospective trial of 
laser-assisted TORS on eight patients using the CO 2  laser fi ber 

  Fig. 6     Omiguide Flexguide ULTRA coil   used to accommodate a CO 2  laser fi ber in 
TORS       
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  Fig. 7    Flexguide ULTRA tip detail       

  Fig. 8    Flexguide ULTRA articulates with  da Vinci propriety needle driver         
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manually attached to the spatula monopolar cautery [ 42 ]. 
Pathology included six oropharyngeal and one supraglottic malig-
nancy.  Laser energy   was delivered in a continuous wave between 7 
and 14 W with a 200 μm spot size. The approach proved feasible 

  Fig. 9    Flexguide ULTRA articulates with  da Vinci propriety needle driver   (detail)       

  Fig. 10    Flexguide ULTRA articulates with  da Vinci propriety needle driver   (detail)       
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in seven of the eight patients, with insuffi cient exposure of the 
supraglottis preventing surgery in one patient. One patient with a 
supraglottic tumor underwent a precautionary tracheotomy but 
this was avoided in the remaining six patients. All six patients with 
oropharyngeal tumors began tolerating an oral diet on the fi rst 
postoperative day, while the patient with a supraglottic carcinoma 
began an oral diet 3 days following the procedure. There were no 
postoperative complications and no evidence of disease recurrence 
at an average follow-up time of 4 months. The authors conduct-
ing both of these early series recognized the superior visualization 

  Fig. 11    CO 2  laser fi ber employed in  TORS         

  Fig. 12    Endoscopic view of CO 2  laser fi ber used in TORS  supraglottic laryngectomy         
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and instrument dexterity afforded by TORS combined with the 
precise cutting properties of the laser, but were signifi cantly 
restrained by instrument arm size and a lack of sophisticated inte-
gration of the laser into the robot mechanism and cited a serious 
need for technological improvement in these areas.

           Laryngeal applications   of TORS, as in TLM, have mostly been 
relegated to the supraglottic larynx, as access to the level of the 
glottis has proven diffi cult with the current instrumentation. 
However, recently in 2013 Lallement et al. reported a retrospec-
tive study on a series of patients with early staged (T1 and T2) 
laryngeal tumors treated with TORS, with more than half of the 
lesions being glottic in origin (13 out of 23 patients) [ 43 ]. He was 
largely successful and able to demonstrate feasibility of the tech-
nique, with only three patients requiring tracheotomy and 11 
needing a nasogastric tube postoperatively. At 12 months of fol-
low- up patients enjoyed oncologic outcomes commensurate with 
TLM reports, with 10 % recurrence rate, 95 % laryngeal preserva-
tion, and 100 % global survival. The authors commented specifi -
cally on the technical drawbacks of  monopolar cautery   when 
utilized in laryngeal surgery, including inadvertent collateral tissue 
damage and pathologic distortion of the tumor specimen. In one 
case, intraoperative breach of the cricothyroid membrane while 
resecting an anterior commissure lesion was ascribed to the impre-
cision of the electrocautery as a cutting tool. Use of maximum 
motion scaling when using cautery was recommended and the 
potential benefi ts of laser technology in this context were cited, 
although no lasers were utilized in the series. 

 Similar concerns over  tissue carbonization and crusting   when 
using electrocautery were reported in a similarly sized series of 
24 patients reported by Lawson et al. in 2011 [ 44 ]. His patients 
underwent TORS for various early staged tumors of the 
 supraglottic larynx, oropharynx and oral cavity. All tumors in 

  Fig. 13    Endoscopic view of CO 2  laser fi ber used in TORS  supraglottic laryngectomy         
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the study were safely and satisfactorily removed, but the lack of 
 available laser technology at the time was plainly cited as a draw-
back of TORS. 

 Application of laser-assisted TORS to the  glottic larynx   
advanced in 2011 when Blanco et al. reported successful exci-
sion of a T1a glottic squamous cell carcinoma using TORS [ 45 ]. 
He used a CO 2  fi ber fastened to an effector arm with a 16Fr red 
rubber catheter. The tumor was removed with oncologically 
sound 2 mm margins and tracheotomy was not required. This 
marked the fi rst use of laser-assisted TORS for glottic surgery in 
a human patient. 

 Across these reports, investigators reported several advantages 
when using the laser with  TORS  . Specifi cally, the fi ner tissue cut-
ting of the CO 2  laser aided in more controlled tumor resection and 
also in construction of pharyngeal reconstructive fl aps. Authors 
reported reduced burn artifact on histologic analysis of the speci-
men as well as the depth and width of  acute burn injury  . Additionally, 
the multidirectional and tangential capabilities of the instrument 
arm as a point of origin for the laser allowed for more intuitive tis-
sue handling when compared to using a “line-of-sight” laser 
mounted well away from the operative fi eld. This obviated time 
required for repositioning the microscope and laryngoscope as in 
TLM. Obstacles encountered in these early trials were related to 
bulkiness of the instrument arms and proved prohibitive in some 
scenarios as described previously [ 41 ,  42 ]. Authors cited better 
integration of the laser delivery fi ber into the system and reduction 
of instrument arm size as particular areas of future improvement. 

 In 2011, Remacle et al. completed a small prospective trial to 
establish the safety and feasibility of a new  hollow-core glass wave 
guide   (Lumenis, Santa Clara, CA) to channel a CO 2  laser in TORS 
[ 46 ]. Unlike previous trials combining TORS with the CO 2  laser, 
the authors were able to utilize the 5Fr proprietary fi ber introducer 
designed by Intuitive Surgical for use with the  da Vinci system  . 
They presented four patients with early-stage (T1 and T2) tumors 
of the oropharynx and supraglottis. Average setup time was 30 min 
and average operative time was 94 min. Patients experienced an 
average inpatient stay of 6 days. Complete tumor resection with 
negative pathological margins was accomplished in all cases and no 
patient required tracheotomy. At 9 months’ follow-up, there were 
no reported complications. Intraoperative settings for the laser 
were 7–15 W, continuous delivery.  

    Thulium-Doped YAG Laser 

 A technical step forward was made in 2008 when the FDA approved 
the Intuitive Surgical 5Fr fi ber introducer for use with validated 
surgical lasers, including the CO 2  and Thulium-doped yttrium–
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aluminum–garnet (Th:YAG) lasers. The Th:YAG laser is a  diode- 
pumped solid-state laser   generated in a continuous-wave beam 
with a wavelength of 2013 nm (about 2 μm) [ 47 ]. Like the  CO 2  
laser  , its target chromophore is water. While less widely utilized 
than the CO 2  laser in otolaryngology, it has been employed to treat 
airway pathology in both adult and pediatric populations and has 
also been used in conjunction with surgical robotics in both uro-
logic and neurosurgical applications [ 47 – 50 ]. Additionally, it has 
been used for the endoscopic treatment of  sialolithiasis   [ 51 ]. The 
laser boasts ideal qualities for use in mucosal surgery, including a 
soft tissue penetration depth of <1 mm, closed water absorption 
peak, and shorter wavelength than the CO 2  laser [ 52 ]. 

 In 2012, Benazzo et al. completed a series of operations utiliz-
ing the da Vinci 5Fr introducer coupled with a Thulium-doped 
YAG laser fi ber to remove early (T1-staged)  supraglottic and oro-
pharyngeal carcinomas   [ 53 ]. The investigators demonstrated feasi-
bility, with all six patients in the series undergoing successful 
extirpation of their tumors with clear pathologic margins and 
excellent functional outcomes. A 2 μm continuous wave Thulium 
laser was carried with a 273 μm fi ber at powers ranging from 5 to 
8.5 W.  Open neck dissection   was completed at the time of excision 
of the primary tumor when indicated. Patients underwent prophy-
lactic tracheotomy but were decannulated at a mean of 7.5 days. 
Average length of inpatient stay was 10.7 days, and patients toler-
ated an oral diet at a mean of 5.0 days. 

 In the same year, Van Abel et al. submitted a prospective 
cohort trial of 15 patients undergoing removal of upper  aerodiges-
tive tract malignancies   with the TORS using the Th:YAG laser 
matched with 30 controls treated with TORS coupled with con-
ventional electrocautery [ 52 ]. A 70-W 2 μm continuous wave 
Th-YAG laser was used. They assessed safety, feasibility, and 30-day 
functional outcome, demonstrating comparable safety thulium 
laser-assisted TORS. All tumors were excised completely with neg-
ative surgical margins in both arms of the study and open neck 
dissection was done at the time of TORS when feasible. They 
achieved statistical signifi cance in reducing the percentage of intra-
operative pharyngotomies (8 % vs. 42 % in the control group), as 
well as less postoperative pain and need for analgesia.  Intraoperative 
blood loss and postoperative complications   were comparable to 
patients treated with electrocautery, with no statistically signifi cant 
differences noted. The investigators postulated that the fi ner cut-
ting action and potentially improved hemostasis seen with the 
Th:YAG laser led to better visualization and subsequently better 
preservation of the  buccopharyngeal fascia tissue plane  . Lessened 
postoperative pain in the investigative arm was attributed to the 
deeper and wider thermal damage zone associated with electrocau-
tery as well as the fi ner tissue ablation granted by the laser. 

James Attra and Niels Kokot



197

 As the availability of lasers for use in TORS has increased, 
investigators have begun to compare their properties alongside 
those of other cutting tools used with the da Vinci system. In 
2013, Mattheis et al. reported a prospective series of six patients 
who underwent CO 2  laser-assisted TORS for T1–T2 oropharyn-
geal tumors and compared technical feasibility, cutting properties, 
operative time, and hemostasis with a series of 17 patients under-
going TORS using the Th:YAG laser  and electrocautery   [ 54 ]. 
Using the CO 2  laser at 15 W energy level, they reported smaller 
vaporization and coagulation zones than those associated with the 
other cutting modalities. Based on their results, the CO 2  laser was 
recommended over the Th:YAG laser as a more precise cutting 
tool for use in TORS. 

 Also in 2013, Hoffman et al. demonstrated the various physi-
cal cutting properties and subjective intraoperative performance 
scores of an array of resection tools suited for  TORS  , including the 
CO 2  and Th:YAG lasers, radiofrequency (RF) needle, and conven-
tional electrocautery [ 55 ]. Evaluation was carried out on porcine 
tongue specimens as well as on human TORS patients. 
Histopathologic analysis of both the cut and coagulation zone 
width was completed for cuts made along the porcine base of 
tongue (corresponding to lymphoid tissue), lateral tongue (corre-
sponding to muscular tissue with thin mucosa), and tongue tip 
(representing thick mucosa) at varying energy levels for each 
instrument. A second component to the study compiled  subjective 
performance grades   given independently by the two authors evalu-
ating use of each of the instruments when performing TORS on 
human patients (the exception being the radiofrequency needle, 
which currently lacks approval for use in TORS and therefore was 
evaluated during nonrobotic surgery only). These subjective scales 
were a modifi cation of that proposed by Sinha et al, and included 
qualities such as hemostasis, user friendliness, tissue sticking, coag-
ulation, and speed [ 38 ]. The third component of the report was a 
cost evaluation for each instrument  system  , considering list price 
and cost to replace disposable components over a range of 5–60 
cases. On histopathologic evaluation of the specimens, the CO 2  
laser and monopolar cautery had the largest incision width in all 
three tongue tissue zones, while the RF needle resulted in the nar-
rowest. In all three zones, the largest coagulation zone was pro-
duced by the monopolar electrocautery, while the narrowest was 
produced by the RF needle. The  monopolar cautery   collected the 
worst performance scores for bleeding, tissue sticking and user 
friendliness, with both lasers and the RF needle performing supe-
riorly in those categories, partially owing to the noncontact nature 
of the lasers. The RF needle and cautery prevailed on cost analysis, 
with both lasers touting a higher initial acquisition expense as well 
as high replacement costs for laser fi bers. Overall, the study con-
fi rmed previously demonstrated superiority of laser fi bers in 
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achieving hemostasis and minimizing the zone of coagulation, 
while also bolstering the case for approving radiofrequency tech-
nology for use in TORS. 

 In this author’s experience, the physicality of the laser as a 
“noncontact”  instrument   confers both advantages and drawbacks 
when considering tissue handling and access to deeper structures. 
The spatula tip of the  monopolar electrocautery   allows use as a 
blunt dissector as well as a tissue-cutting instrument, a valuable 
convenience with limited availability among current laser delivery 
systems. Conversely, the ability of the laser to ablate tissue at a dis-
tance gives the instrument greater “reach” than electrocautery and 
other instruments which require tissue contact, rendering lasers 
invaluable when operating on areas of the larynx and hypopharynx 
that are diffi cult to contact with the instrument arms.  

    Conclusion 

 The application of surgical robotics to otolaryngology has led to a 
minimally invasive, oncologically effective approach to head and 
neck tumors that has yielded impressive oncologic and functional 
outcomes and expanded visualization and bimanual, multiplanar 
access to the surgical fi eld. However, robotic technology as related 
to transoral surgery is still completely nascent, nonspecialized, and 
ripe for innovation. Coupling the laser, a proven superior resecting 
tool, with the unprecedented access and visualization capable via 
TORS has been largely successful when pioneered and holds prom-
ise for becoming the standard of care for surgical treatment of 
early-stage laryngopharyngeal tumors. As head and neck surgeons 
continue to adapt robotic technology to meet their specifi c needs, 
the successful integration of evidence-supported tools, such as the 
CO 2  and Th:YAG lasers, provides an encouraging precedent for 
enterprising practitioners aiming to advance the capabilities of 
TORS through the use of proven otolaryngic techniques.     
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    Chapter 14   

 1540 nm-Er/Glass Laser-Assisted Cartilage Reshaping 
For Protruding Ears (LACR)                     

     Franck     Marie     Leclère     ,     Serge     Mordon     , and     Mario     A.     Trelles       

        Introduction 

 Approximately, one in 5000 children are born with auricular 
 malformations [ 1 ]. The most common deformity, the protruding 
ears, or “bat ears,”   , can be a subject of much teasing from school-
mates. In the girls, the bat ears become even more prominent if 
they tie their hair above the head, say for ballet practice. 

 Prominent ears like other deformational  auricular anomalies   
are best treated nonsurgically [ 2 ] by molding within the fi rst 3 
months of life, as the cartilage is malleable during this early period 
because of the infl uence of maternal estrogens. After this period, 
the  deformity   is fi xed and a surgical therapy is usually necessary. 
Since the pioneer work of Dieffenbach [ 3 ] in 1845, over 170 
 surgical techniques have been described for the correction of pro-
truding ears and each method has been reported to produce 
acceptable results. Classic open surgery, however, requires inci-
sions to expose cartilage tissue and alter its shape. It is a technically 
challenging operation that produces variable results depending on 
the preferences, experience, and skill of the surgeon. 

 Since the fi rst work of Sobol in 1993 [ 4 ,  5 ], laser-assisted 
 cartilage reshaping has generated increasing clinical interest. In 
2004, we reported a new technique using a 1540 nm laser to 
reshape protruding ears [ 6 ]. This wavelength allowed for cartilage 
reshaping with neither skin nor cartilage incision, without cartilage 
scoring and with no anesthesia. In this chapter, we present the 
 surgical technique of   LACR and we discuss our results. Apart from 
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deviation from normality, congenital deformity of pinna also exists 
in a variety of forms, but their management is not relevant in the 
context of this work and will not be covered.  

    The  Animal Model      

 Since the preliminary work of Sobol et al. [ 4 ], cartilage reshaping 
has gained an interest, particularly in the fi eld of nasal and plastic 
surgery. Historically, laser-assisted cartilage reshaping was fi rst 
developed for septoplasty. In 2004, Mordon et al. [ 6 ] proposed 
the possibility to adopt this technique for protruding ears. The 
animal model chosen was the rabbit as it was easily accessible to the 
laboratory and has large ears. However, as compared to the human 
ear, the rabbit ear has powerful auricular muscles, thus limiting its 
suitability. In the laboratory, LACR treatment (laser-assisted carti-
lage reshaping) was performed in vivo using a 1540 nm Er:Glass 
laser connected to a hand piece with an integrated cooling system 
(Fig.  2 ). The  treatment   consisted of 15 contiguous spots (3 ms, 7 
pulses, 12 J/cm 2 , 2 Hz, cumulative fl uence 84 J/cm 2 ) applied in 
eight parallel rows along the ear. An aluminum preformed splint 
was then placed for a period of 1 week. For Helidonis et al., the 
reshaping is obtained through increased cartilage malleability 
at temperatures between 65 and 75 °C. For Mordon et al., 
 proliferation and regeneration of cartilaginous cells have been 
observed and are considered as the main contributor to the stabil-
ity of long-term shape change [ 6 – 8 ].  

    From Laboratory to Bedside 

 The diffi culties associated with the transition from animal to the 
clinic were of three types. (1) The risk of  skin burns and cartilage 
denaturation   were directly related to the nature of the technique. 
Sobol et al. [ 4 ,  5 ] had initially claimed that the cartilage remodel-
ing could be stable if the temperature delivered to the cartilage 
was close to 70 °C. Further studies by Diaz-Valdes et al. [ 7 ] have 
shown that, however, at this temperature the viability of chondro-
cytes was compromised. Meanwhile, Chae et al. [ 8 ] determined 
that the temperature associated with cartilage remodeling was 
between 50 and 65 °C. If biopsies on irradiated ears have shown 
no burning of the skin and the viability of chondrocytes, the tem-
perature range appears reduced. Considering the variable thick-
ness of the human ear and skin sensitivity, particular attention 
should be paid to the cooling system of surface to achieve an opti-
mal temperature within the cartilage without skin alteration 
(Fig.  1 ). (2) With the rise in  temperature  , pain related to LACR 
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treatment should be prevented. We had at our disposal an inte-
grated cooling system and systematic anti-infl ammatory prescrip-
tion was the rule. (3) Finally, the success of this new technique 
was signifi cantly associated with the presence of a mold in the 
immediate  postoperative phase  . The latter should be able to main-
tain the desired shape in its position. The challenge then was to 
impose this constraint to young patients and obtain their 
cooperation.

  Fig. 1    ( a ) Skin ×125 HE/EO before treatment. Skin is of normal appearance with epidermis, dermis, and carti-
lage of normal aspect. ( b ) Skin and cartilage ×200 HE/EO immediately after treatment. Epidermis shows no 
damage and there is an infl ammatory reaction in the dermis with coagulation phenomenon. ( c ) Skin and car-
tilage ×200 HE/EO 7 days after laser irradiation. Important infl ammatory infi ltration will cell proliferation. 
Polymorphonuclear cells are seen with cartilage hyalinization and traces of coagulation. ( d ) Cartilage ×400 HE/
EO 15 days after irradiation. Cartilage cell formation is noticed in the areas which correspond to laser irradia-
tion. There is a chondroblastic proliferation around a contracted cartilage. ( e ) Cartilage ×400 HE/EO 30 days 
after, cartilage is in the phase of getting thicker showing chondroblastic proliferation. Cells are observed in 
clusters formed by several cell divisions       
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       The Clinical Examination 

 The surgeon should assess and record the three major pathological 
characteristics of the protruding ear  deformity  .

    1.    Poorly defi ned or absent antihelical fold   
   2.    Conchoscaphal angle >90°   
   3.    Exaggerated concha    

  The skin should be carefully examined in order to exclude dis-
charging ears, otitis externa, or scars. To assess the postoperative 
improvement, cephaloauricular distances should be carefully 
 measured before and after LACR.  Skin sensation   should also be 
carefully evaluated before and after the procedure.  

    The  Surgical Technique   

 The 1540 nm Er/Glass laser (Aramis, Quantel Derma GmbH, 
Erlangen, Germany) is set at 12 J/cm 2  per pulse [ 9 – 11 ]. The treat-
ment requires seven stacked pulses (3 ms, 2 Hz, 84 J/cm 2  cumula-
tive fl uence) applied using a 4-mm spot hand piece with integrated 
cooling (Koolburst, Quantel Derma GmbH, Erlangen, Germany) 
on both sides of the entire helix and concha so that the entire helix 
and concha are irradiated on both sides [ 9 – 11 ]. The treatment 
requires at least 50 (x7) pulses on each side to be effective. Contact 
cooling makes the treatment very tolerable, eliminating the need 
for topical anesthesia (Fig.  2 ).

       The  Silicone Elastomer      

 After irradiation, a silicone elastomer (Hydro-C, Detax, Ettlingen, 
Germany) is inserted inside the helix to give it the desired shape. 
Three minutes later the elastomer hardens and a solid mold is 
obtained. Patients are asked to wear this mold at all times for the 
fi rst 2 weeks and then only at night for an additional 4 weeks 
(Fig.  3 ). A  nonsteroidal anti-infl ammatory drug (NSAID)   is pre-
scribed to all patients for 3 days. The mold appears to be the main 
limitation of the technique. It should be precisely adapted and 
carefully controlled after the operation.

       Clinical Studies 

 The  French National Institute of Health and Medical Research 
(INSERM) U703   (nom U 1189) has been working in coopera-
tion with two centers and since its fi rst report in 2004 on the 
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  Fig. 3    ( a )  Elastometers  , which mimic the shape or the external ear, are already hard as a fi xed mold, to main-
tain the ear helix in the new position after laser cartilage reshaping. ( b ) The mold is kept in place by an elastic 
cap band       

  Fig. 2    ( a ) Behind the ear, the  line  defi nes de limit of laser irradiation. ( b ) The elastometer is in place on the 
external side of the ear. ( c ,  d ) Show the elastometer placed behind to force the helix to bend and to adopt its 
new position       
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rabbit, three clinical trials were achieved [ 9 – 11 ]. Our fi rst clinical 
study published by Trelles et al. on 12 ears in 8 patients showed 
thickening of the perichondrium and the cartilage layers at 2 
weeks [ 9 ]. This thickening was confi rmed at 3 weeks and 1 month 
with an intact matrix. The  chondrocytes   were viable and func-
tional, as confi rmed by the binucleation of some chondrocytes 
(Fig.  4 ). This reshaping was found to be stable 6 months post-
LACR. Laser irradiation leads to an increase of temperature which 
could induce a coordinated expression of growth factors. Among 
them TGFb1 that has proved to develop when temperature 
increases in laser-irradiated tissue [ 12 ,  13 ]. Furthermore, we 
noticed that LACR provides a smoother and more natural curva-
ture than conventional techniques and without any scarring 
(Fig.  5 ). In a second clinical trial published by Leclère et al. in 
2006 [ 10 ], 24 patients underwent LACR of both ears using our 
1540 nm laser. Postoperative follow up was uneventful for all 
ears, except for six on which minor contact  dermatitis   developed 
probably because of inappropriate mold design. This did not 
require additional therapy and those patients (four children and 
two adults) stopped wearing the mold leading to incomplete 
shape correction. There were no cases of infection, hematomas, 

  Fig. 4    ( a ) Cartilage ×200 HE/EO 6 months after laser irradiation. Cartilage appears well restructured, thicker, 
and a well defi ned margin between active chondrocytes and an area of new cartilage formation. ( b ) Abundant 
proliferation of chondrocytes, some of them appear binuclear in an active phase, well formed and of a standard 
pattern       
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or skin necrosis. For the remaining 18 patients (six children and 
nine adults) the expected ear reshaping was achieved (fl u-
ence = 84 J/cm 2 ); in three adults, partial or incomplete reshaping 
was observed and correlated to a lower fl uence (70 J/cm 2 ). Those 
patients were retreated at 3 months at 84 J/cm 2  fl uence and all 
achieved suitable reshaping. Again, no postoperative discomfort 
was reported. A third 4-year prospective evaluation of LACR for 
32 protruding ears was published in 2011 by Leclère et al. [ 11 ]. 
There were 15 patients with bilateral ear protrusion, and the 
remaining two cases had unilateral protruding ears. The mean age 
for this series was 34.5 years, much higher than our previous 
study (16 years). Except for two cases of  dermatitis  , there were no 
early complications. Long term follow-up outcomes were incom-
plete shape correction in two patients and slight asymmetry in fi ve 
patients, but there was no recurrence, no cases of keloid and no 
alteration in sensitivity and growth in the entire series. Moreover, 
the mean superior and middle cephaloauricular distances were, 
respectively, 12.3 ± 1.9 and 13.7 ± 1.6 mm compared to 
17.8 ± 3.1 mm ( p  < 0.01) and 23.9 ± 1.9 mm ( p  < 0.01) before 
operation. Mean patient satisfaction was 8.6/10 with all patients 
reporting that they would be willing to undergo the procedure 
again, if required. Effi cacy data from all these studies suggest that 
LACR is a reproducible and effi cient technique irrespective of the 
age of the patient (Fig.  6 ).

  Fig. 5    ( a ) Before and ( b ) 6 months after ear remodeling by laser cartilage.  Arrows  of same length are centered 
at the eyes pupils to defi ne equal proportions of both photographs. The graduated grid superimposed on both 
left ears permits clear detection of improvement of protruding ears after laser surgery for cartilage reshaping       
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        Evolution of the LACR Procedure and the Other Possibilities 
of Cartilage Reshaping 

 Alternative methods have been developed to provide nonsurgical 
approaches to reshaping cartilage [ 1 ]. Specifi cally, cartilage biome-
chanics is temperature dependent, with temperatures between 50 
and 70 °C producing stress relaxation which leads to gross shape 
change [ 1 ,  7 ,  8 ]. Moreover, a few months after laser irradiation 
cartilage thickening appears to be related to formation of apatite 
[ 14 ]. In our understanding,  apatite   plays a key role in the perma-
nent stabilization of the changed shape of the cartilage in the 
treated area. Thus,  thermal-based mechanisms  , such as radiofre-
quency [ 15 ], electrical current [ 16 – 19 ], or lasers, have been inves-
tigated to produce shape change in cartilage in place of classic “cut 
and suture”  methods  . The main advantage afforded by these opti-
cal technologies is that cartilage reshaping may be achieved through 
an incision-free procedure with limited cutaneous injury and no 
associated risks and economic costs of surgery and anesthesia which 
translates to a shorter recovery time, reduced costs, and lower 
overall discomfort for the patient [ 1 ]. Other teams have tried to 
perform LACR with a similar technique [ 20 ], but are still faced 
with the challenge of the correct use of the mold or the diffi culty 
in obtaining approval for clinical trials. Another approach was 
recently proposed by Ragab et al. [ 21 ]. Use of the  CO 2  laser   per-
mitted cartilage reshaping with both vaporization and incisions. In 
his technique, the open approach allowed precise laser application 

  Fig. 6    ( a ) Right protruding ear, before treatment. ( b ) Six months after laser cartilage reshaping. Notice reposi-
tioning of the helix as shown by the graduated scale placed behind       
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and cartilage suturing provided great stabilization. Postoperative 
care involved wearing a simple headband for a week, representing 
a considerable advantage. However, this method uses both laser 
and surgery, which undermines the basis of a technique whose pri-
mary objective is simplicity to perform, elimination of need for 
anesthesia, and minimum complication rate. Additionally, even if 
their results seem attractive, larger series are required to assess risk 
factors arising from using sutures, i.e., hematoma, hypertrophic 
scars, and keloids. Finally, among all LACR applications, this 
 technique currently stands alone in providing cartilage biopsies, 
long- term clinical follow up and a standardized technique. Other 
applications currently studied for deviated septum [ 22 ,  23 ], alar 
cartilage reshaping [ 24 ], or  costal graft reshaping   [ 25 ,  26 ] need to 
provide more histological and clinical evidence in order to clarify 
their action mechanism.  

    Conclusion 

 The LACR technique for protruding ears was developed at the 
INSERM institute in Lille (France), with a view to both improve 
patient comfort and reduce complications. Based on three clinical 
trials, the 1540 nm Er/Glass laser appears to be an ideal wave 
length for cartilage reshaping. (1) The wavelength’s penetration 
depth matches the thickness of the cartilage, allowing for the 
homogenous heat generation; (2) contact cooling makes the treat-
ment very tolerable; (3) the degree of correction appears similar to 
that obtained by conventional techniques. (4) Furthermore, LACR 
provides a smoother and more natural curvature than conventional 
techniques and without any scarring.     
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    Chapter 15   

 Cartilage Reshaping of the Nose                     

     Emil     Sobol      ,     Valery     Svistushkin    , and     Emmanuel     Helidonis      

       Introduction. The Problem 

 A patent nasal airway alters the quality of the voice, aids in main-
tain adequate ventilation, and heats, fi lters, and humidifi es the air 
before it reaches the lung.  Nasal airway obstruction   can lead to 
subjective complaints and also impair ventilation during sleep 
 leading to a number of sequelae associated with obstructive sleep 
apnea (arrhythmia, reduced mentation, cor pulmonale). In the 
 airway, estimating fl ow is a complex process that depends upon 
anatomy and accurate calculation requires numerical modeling 
(e.g., computational fl uid dynamics). However, it can be grossly 
estimated using Poiseuille’s law which describes fl ow through a 
cylindrical tube; fl ow is proportional to the fourth power of the 
diameter of the tube. 

 Hence, a decrease in the nasal lumen size by a factor of two 
could reduce fl ow through the nasopharynx up to 16 times. Any 
combination of  nasoseptal deformity   and  mucosal edema   produc-
ing such an epic change may lead to nasal respiratory insuffi ciency. 
The nasal cavity and the nasal septum are complex structures. 
Septal deformities (“deviated septum”) are readily amenable to sur-
gical treatment and were classifi ed by Cottle [ 1 ] by anatomic 
location.

   Area 1. The nasal vestibule (caudal septum). 

  The caudal (most distal and anterior) end of the cartilaginous 
septum extends into one nostril distorting the airway.   
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  Area 2. The internal nasal valve area. 
  The internal nasal valve is the narrowest point of the airway and 

bounded by the septum, upper lateral cartilage, and inferior 
turbinate. Septal deformities here are usually along the dor-
sum of the septum and often C-shaped. At this locus the 
impact on airfl ow may be severe and the lateral wall of the 
nose may collapse with inspiration.   

  Area 3. The attic area (or keystone). 
  The cartilaginous septum, bony septum (perpendicular plate), 

upper lateral cartilage, and nasal bones meet at the “key-
stone” region, which is the key structural point for the nose. 
Airway obstruction may occur here due to bony and carti-
laginous deformities beneath the nasal bones. Deformations 
of the bony septum here generally lead to deformities of carti-
laginous septum as well.   

  Area 4. The anterior turbinate area. 
  Obstructions in this area cause stuffi ness, headaches, cough, and 

sinus problems. Often, deformities in this region are a conse-
quence of osseocartilaginous deformities at the junction of 
the septum and maxillary crest (vomer bone).   

  Area 5. The posterior turbinate area or the sphenopalatine 
ganglion area. 

  Obstruction in this region may cause facial pain, stuffi ness, head-
aches, postnasal discharge, and eustachian tube dysfunction.     

  Nasal septum deviations      are a common etiology of nasal 
obstruction and does not occur in isolation with other structural 
anomalies, the most common being hypertrophy of the inferior 
turbinates. It is estimated that 75–80 % of individuals of European 
origin may present with some type of anatomic deformity of the 
nose [ 2 ]. The treatment of choice for patients with signifi cant devi-
ations of the nasal septum up to now has been surgery focused on 
the bony and/or the cartilaginous septum. 

 The most common nasal operation performed is the correc-
tion of deformed or deviated septum. Nasal surgery was fi rst 
 performed in ancient India and Egypt, where nasal fractures and 
gross deformities of the septum were corrected with digital manip-
ulation. In the Renaissance, advances in the practice of rhinoplasty 
and nasal reconstruction (changing the external shape of the nose) 
were made by Tagliacozzi and Brancas [ 3 ]. In the early nineteenth 
century treatises on nasal diseases were published in France and 
Germany. Credit for developing  submucous resection (SMR)   of 
the nasal septum (surgical removal of cartilage regions that obstruct 
the airway) belongs to Freer [ 4 ] and to Killian [ 5 ] and the proce-
dures used, today, have evolved from this technique. In 1958 
Cottle, Loring, and Fisher presented the intranasal maxillary– 
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premaxillary approach for correcting nasal septal deformities [ 1 ]. 
Cottle and Loring not only preserved the septal–columellar 
 relationship, but also preserved the mobility of the cartilaginous 
septum. This technique is considered even today the best approach 
for correcting all types of nasal septal deformities and is usually 
done under local or general anesthesia, and it is often required for 
the patient to be hospitalized for a period of time. Contemporary 
septal surgery leads to the absence from work, a fi nancial burden 
for both patient and family, etc. There are also contraindications 
for performing surgery, such as age, and comorbidities such as 
 cardiac disease, stroke, etc. 

 The cartilaginous nasal  septum   is fi rm, semi-fl exible, and is 
irregularly quadrangular in shape. It must be capable of move-
ment to withstand trauma and with the shift of head position 
 during sleep. It is attached to the upper lateral cartilages along its 
dorsal aspect and its caudal–ventral corner, posteriorly in articu-
lates with the perpendicular plate of the ethmoid bone and vomer, 
inferoposteriorly it rests in the groove of the maxillary spine 
(crest). Subluxations of the caudal end as a result of injury are 
common as is a “C shaped” deformity along the dorsum. The 
relationship between the upper lateral cartilage and cartilaginous 
septum is very important. The normal upper lateral cartilage cre-
ates 10–15° with a straight septum and narrower angles may lead 
to dynamic  collapse of the airway during respiration. These two 
structures along with the anterior aspect of the inferior turbinate 
defi ne the internal nasal valve. A C-shaped deformity of the sep-
tum may compromise one or both upper lateral cartilages a sig-
nifi cant restriction of fl ow. The accepted approach to the 
correction of septal deformities involves incisions through the 
mucoperichondrium, elevation of fl aps, and resection or reshap-
ing of deformed cartilage via scoring, suturing, or morselization. 
Changing the shape of septal cartilage can now be corrected in a 
much simpler and atraumatic technique using a laser. The plastic 
deformation of cartilage following laser radiation was fi rst 
described in 1992 [ 6 ] with detailed analysis of this process per-
formed in subsequent years.  

   The Laser Solution: Cartilage Reshaping with Laser Irradiation 

   When cartilage is acutely bent into a new shape, the deformation 
creates internal stresses that counter the imposed shape change, 
and these forces act to restore the tissue to its initial confi guration. 
The idea underlying the laser reshaping of cartilage (LRC) is to 
fi rst mechanically deform the tissue to the desired shape and then 
to irradiate the areas of maximum internal stress for a short period 

 Phenomenon of Laser 
Reshaping. Optical, 
Mechanical, 
and Thermal Effects 
in Laser Reshaping 
of Cartilage
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of time to produce stress relaxation and achieve a new stable carti-
lage shape (Fig.  1 ) [ 7 ,  8 ].

    Stress relaxation   in cartilage is a time and temperature- 
dependent process; alterations in tissue properties (optical and 
mechanical) are the functions of the temperature profi le of the 
 cartilage during heating (Fig.  2 ). In the early stages of the laser 
reshaping process, the increase in stress may be due to tissue expan-
sion during heating where water in the tissue does not have 
 adequate time to diffuse to the periphery of the laser spot. After a 
few seconds, the movement of water leads to a redistribution of 
stress and results in stress relaxation.

   A number of thermal, optical, and mechanical effects accom-
pany the laser-induced stress relaxation of cartilage including:

    1.     Laser   radiation accelerates a reduction in internal stress when 
the tissue temperature reaches ~70 °C [ 7 ].   

   2.    Laser-induced changes in the slope of a “stress–strain” curve 
which manifests as a temporal decrease in cartilage elasticity [ 9 ].   

   3.    Light scattering kinetics in cartilage during irradiation dem-
onstrates an increase (a change of the sign of the slope) 
when internal stress relaxation occurs (Fig.  2 ) [ 7 ,  10 ]. This 
may arise from the nucleus of a new phase (water droplets, 
gas bubbles, micropores) increasing the number of light-
scattering centers.   

   4.    Calorimetric measurements reveal a peak at ~70 °C which 
 disappears when the sample is heated a second time, and 
 reappears after immersion in a water bath for 20 min [ 11 ,  12 ].   

   5.    A  change   of slope of the heating curve is observed at 
~70 °C. When the heating rate is not very high and the laser 
power density is nearly constant, the time dependent tempera-
ture change becomes constant at approximately 70 °C [ 7 ]. 

  Fig. 1    Laser reshaping of cartilage: ( a ) initial cartilage slab, ( b ) deformation and 
laser irradiation, ( c ) reshaped cartilage       
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From the duration of this constant section in the heating curve 
and using calorimetric measurements, the energy consumption 
of this transition was estimated to be between 1200 and 
1800  J/cm 3 .   

   6.    A maximum at 70 °C for the temperature dependence of the 
internal friction in cartilage undergoing  forced   oscillation [ 9 ].   

   7.    The photo-acoustic response of cartilage during laser heating 
changes at 70 °C due to changes in tissue mechanical proper-
ties [ 13 ]. 

 It can therefore be deduced from these studies that the 
process of laser-induced stress relaxation in cartilage has the 
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characteristics of a type-I phase transition and that there is a 
strong correlation between temperature, stress and optical 
properties of cartilage irradiated (Fig.  2 ).      

   Laser-induced structural alterations in cartilage have been studied 
for different dosimetry parameters including laser wavelength, 
 fl uence, and types of cartilaginous tissues using conventional histo-
logical techniques [ 8 ,  14 ,  15 ], atomic force microscopy [ 8 ,  16 ] and 
optical (light scattering) methods [ 17 ]. Two types of structural 
alterations have been identifi ed: primary, appearing immediately 
after laser irradiation and secondary that arise after some time, as a 
result of tissue regeneration processes [ 8 ,  18 ]. 

 No  dramatic   structural alterations in the tissue were observed 
using conventional histological technique for some regimes of 
laser reshaping of cartilage. The structural integrity of the tissue 
appears to survive when the laser energy and exposure times are 
not too excessive [ 8 ]. Therapeutic window of laser dosimetry for 
cartilage reshaping has been presented in Fig.  3  (zone I). Lower 
fl uence (zone III) does not ensure stress relaxation. High fl uence 
(zone II) results in undesirable effects, including tissue denatur-
ation and cell damage. Upper boundary in Fig.  3  represents 
denaturation of  cartilage structure. Since stress relaxation may 
occur over a shorter time than denaturation, laser reshaping may 
be accomplished without visible damage or denaturation of tissue 
structure. A theoretical  model   of laser-induced structural altera-
tions in biopolymers [ 19 ] predicts the existence of a therapeutic 
window (zone I)  allowing stress relaxation without dramatic 
alterations in tissue structure. Range of laser fl uences in the ther-
apeutic window decreases with increasing exposure time. Upper 
and lower boundaries of the therapeutic window depend on laser 
wavelength, pulse characteristics, thickness of cartilage specimen, 
and water content.

 The Effect of Laser 
Radiation on Cartilage 
Tissue Structure 
and Chondrocytes

Exposure time

III - ineffective reshaping

II - tissue denaturation

I - therapeutic
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  Fig. 3    Optimal  laser   settings for cartilage reshaping       
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   Chondrocytes  are   more sensitive to damage by laser irradiation 
than the cartilage matrix and their alterations depend on dosime-
try. Sviridov et al. [ 20 ] demonstrated that laser shaping with a hol-
mium laser was accompanied by some alterations in chondrocyte 
morphology. Two types of cell alterations were distinguished: 
cytoplasmic focal vacuolation (FV), which may be associated with 
reversible cell injury, and nuclear condensation (NC), which is 
generally regarded as being indicative of cell death. The histologi-
cal changes in  chondrocytes have been quantifi ed using a semi-
quantitative rating of severity according to the proportion of cells 
affected. However, there are conditions (such as laser fl uence of 
1.7 J/cm 2 , exposure time of 4 s) which allow laser shaping without 
nuclear condensation and only produce minor cell vacuolation 
[ 20 ]. Pronounced  damage in the chondrocyte population was 
observed [ 21 ,  22 ] when  relative higher laser fl uences were applied. 

 The potential to reshape cartilage without signifi cant injury to 
chondrocytes was established in ex-vivo experiments for porcine 
nasal septum cartilage [ 23 ]. The threshold laser settings are found 
(3 s, 0.8 W for 1560 nm fi ber laser) which facilitates stable reshaping 
without signifi cant alterations to chondrocytes. Exceeding these 
regimes may lead to substantial injury (including necrosis) of the 
cells. Both mechanical and thermal events may create changes in the 
chondrocytes, which are modest for 3 s, but increase with exposure 
time and laser power. However, cellular injury may activate regen-
eration processes resulting in new tissue formation and therefore in 
some future alteration of cartilage shape obtained immediately after 
laser procedure. A recent study [ 24 ] used a 1460 nm diode laser to 
reshape cartilage. The extent of chondrocytes necrosis was depen-
dent on the laser exposure time and power. Necrotic regions pro-
duced following irradiation with lower laser powers (0.3 and 0.5 W) 
repopulated with chondrocytes within 4 weeks. Specimens irradi-
ated with 1 W did not show chondrocyte repair within 4-week time 
interval. It must be noted that this elastic cartilage is surrounded by 
a dense, vascularized perichondrium laden with stem cells, and out-
comes may be different in the hyaline cartilage of the nasal septum.  

   Various mechanisms for the laser-induced stress relaxation in carti-
lage have been discussed in the literature [ 8 ,  18 ]. Laser-induced 
stress relaxation appears like a phase transformation of the fi rst 
kind, and there are evidences that this transformation is connected 
with a transition in cartilaginous water from the boundto free state 
which may be followed by different processes: (1) Local depoly-
merization (“melting”) of proteoglycan aggregates under short-
term laser heating exceeding 70 °C followed by the formation of a 
new  proteoglycan structure without  pronounced   dramatic struc-
tural changes (denaturation) of the cartilage matrix [ 8 ]. Short-
lived breaking of chemical bonds between collagen and proteoglycan 
subsystems is also possible to reduce internal stress in cartilage by 

 Mechanisms 
of LRC
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some alterations in the spatial structure of proteoglycans [ 18 ]. 
(2) Formation of nanopores in the cartilage matrix [ 25 ]. Pore 
  formation   is a well-known mechanism of stress relaxation in solids 
and was established also for biological tissues. It is discussed in the 
framework of spatial macroscopic heterogeneity of the structural 
and mechanical properties of the cartilage matrix, specifi cally, the 
existence of relatively strong regions (domains) separated by softer 
layers. Laser photothermolysis of these layers leads to domain 
mobility and induces nanopore formation that may result in stress 
relaxation [ 26 ]. This mechanism, when considering heterogeneity 
of chemical bond breaking and structural changes in biopolymers 
requires adequate energy consumption and can provide long-term 
stability of cartilage shape. (3) Local tissue mineralization (neutral-
ization) of negative charged groups on proteoglycans by Na or Ca 
cations without any changes in collagen and proteoglycan struc-
tures [ 16 ]. (4) Reorganization (aligning) of spatial structure of the 
cells in cartilage matrix decreases stress [ 27 ]. This mechanism is 
similar to the polygonization in solids including aligning of the 
structural defects (dislocations). Since mechanical properties of the 
cells in cartilage are materially lower than that for cartilage matrix, 
the cells play a role of the structural defects similar  to   dislocations 
in crystals. Figure  4  demonstrates structural redistribution of the 
cells in cartilage after laser irradiation.

Laser polygonization in cartilage

non-radiated after laser -induced stress relaxation

over radiated

  Fig. 4    Laser-induced modifi cation  of   chondron structure in cartilage       
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       Optimal and Safe Laser Settings for LRC. Choice of Laser Wavelength 
and Exposure Time 

 The appropriate conditions for laser reshaping clearly depend on 
the laser wavelength used, and on the optical properties  and   thick-
ness of cartilage. Various lasers have been used for cartilage 
 reshaping such as CO 2  laser, pulse-periodic Nd:YAG, Ho:YAG 
lasers, diode (1.45 μm), and Er-glass fi ber (1.56 μm) lasers. The 
principal difference between these lasers is in the depth of light 
penetration into the tissue.  Er-glass fi ber laser   provides a more uni-
form axial  temperature   profi le than either CO 2  or Ho:YAG lasers, 
as it has a penetration depth of about 1 mm which is  comparable 
to the thickness of human nasal septum (1–2 mm). It is among the 
most suitable tools for the shaping of nasal cartilage. The 1.56 μm 
radiation is mainly absorbed by tissue water. That allowed one to 
apply mechanical pressing of nasal septum surface to decrease water 
content in the superfi cial layers of the septum and therefore to 
prevent overheating and damage of the mucosa [ 18 ]. 

 Laser power density (W) must be adequate to rapidly reach 
70 °C, which is necessary to achieve stress relaxation. The selection 
of power density depends on thickness, laser exposure time, and 
(for pulse repetitive mode) pulse duration and frequency. The 
detailed theoretical description of the temperature fi eld in laser 
treated materials is described elsewhere [ 28 ]. As stress relaxation 
takes usually less time than tissue denaturization, for short  exposure 
times, there is a therapeutic window (a range of laser power  density) 
when stress relaxation occurs without substantial changes in carti-
lage structure (Fig.  3 ). Theoretical calculation of the minimal time 
required for stress relaxation in cartilage matrix is about 0.3 s. This 
value is true when laser radiation heats cartilage samples along all 
its depth (when cartilage thickness is substantially less than laser 
light penetration depth). When the thickness of cartilage is greater 
than or equal to the light penetration depth, more time is required 
for stress relaxation. Histological examinations of porcine and 
human cartilages following laser reshaping did not reveal substantial 
alterations of the cartilage matrix structure when exposure time 
was less than 8 s [ 8 ]. Therefore, the exposure times for the nasal 
septum vary between 0.3 and 8 s. Laser spot diameter is chosen about 
1.5 mm, which is approximately equal to the average thickness of 
nasal septum and slightly larger than the light penetration depth. 

 To guarantee safety of this laser procedure, a  feedback control 
system   should monitor temperature (Fig.  5 ). In our device, tem-
perature is monitored using two thin thermocouples at the  periphery 
of laser spot [ 29 ,  30 ]. Numerical simulations have shown that the 
70 °C critical temperature required for cartilage reshaping in region 
 of   light distribution corresponds to a temperature of 41 ± 2 °C 
 measured at the periphery. This estimate was confi rmed experimen-
tally using 64 nasal septal cartilage specimen obtained from 16 pigs. 
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The feedback control system terminates laser irradiation when 
41 ± 1 °C is recorded by the thermocouples.

   Another noninvasive technique to monitor laser-induced 
structural alterations in cartilage is  optical coherence tomography 
(OCT)   [ 31 ]. OCT images of nasal septum cartilage of a patient 
after laser reshaping and in a patient following conventional sur-
gery show that laser reshaping preserved initial layered structure of 
nasal septum since conventional surgery resulted  in   dramatic alter-
ations in cartilage structure even after 6 months [ 26 ] (Fig.  6 ).
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      Clinical Applications of Laser Septochondrocorrection 

     Indications  for   laser septochondrocorrection (LSC) [ 26 ,  32 ,  33 ] 

    1.    Nasal airway obstruction due to cartilaginous deformation of 
the nasal septum. Since the best shape of deformity for LSC is 
the C-shaped deformity, various types of deformities can  be 
  corrected (Fig.  7 ).

       2.    Nasal airway obstruction due to deformation of the cartilaginous 
and bony nasal septum in patients with contraindications to clas-
sical surgical approaches. The atraumatic correction with laser of 
the cartilaginous part anterior, usually, improves the breathing 
even if the bony part is deformed due to the wider space of  the   
nasal cavity posterior. This approach can also be combined with 
treatment of the hypertrophy of the inferior turbinates.   

   3.    The presence of chronic rhinosinusitis with considerable 
 deviation of the cartilaginous septum, which is judged to be 
responsible for the presence, the aggravation, or the persis-
tence of the above problems.   

   4.    Changes in the shape of the anterior aspect of the nose due to 
the deformity of the cartilaginous septum.   

   5.    Narrowing of the nasal valve area, creating diffi culty in 
 breathing due to C-shaped deformity of the septal cartilage.   

   6.    Preventing the deformity of the hard palate and of the teeth in 
children having a C-shaped deformity of the cartilaginous 
septum.   

 Indications 
and Contraindications 
for    Laser Reshaping 
of Nasal Septum 
Cartilage

  Fig. 7    Types of  nasal deformities   to be treated using LSC technology       
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   7.    Presence of other pathological problems, such as relapsing 
secretory otitis media, Eustachian tube dysfunction, and infec-
tions of the upper and/or lower respiratory system thought to 
be related to the presence of deformity of the nasal septum.   

   8.    Sleep apnea and snoring related to the presence of a deformity 
of the septum.   

   9.    In cases of nasal polyposis where the correction of the nasal 
septum can be combined with the removal of the polyps.   

   10.    In aged people and older children, who need improvement of 
their nasal breathing.   

   11.    For  increasing   the performance of certain groups such as work-
ers, athletes, etc.    

  Contraindications [ 33 ] 

    1.    Malignant tumors, schizophrenia, serious cardiovascular and 
other problems, unless it is judged otherwise by the physician, 
who wants to improve the patient’s quality of life without 
endangering his life.   

   2.    Vertical fractures of septal cartilage.   
   3.    Horizontal septal cartilage.   
   4.    Presence of cartilaginous spur.   
   5.    Thickening and/or calcifi cation of the cartilaginous nasal 

septum.   
   6.    Dislocation of the quadrangular cartilaginous septum.    

      The technology of laser septochondrocorrection includes the  
(a) mechanical straightening of cartilage of nasal septum using a 
special instrument and the (b) delivery of laser radiation to  deviated 
part of nasal septum  LSC  is performed as follows [ 26 ,  33 ]. 

   The nasal septal  deformity   is visually assessed using anterior and 
posterior rhinoscopy, endoscopic and/or microscopic examina-
tions. Rigid endoscopes (0°, 30°) and also any microscopes with a 
focal length of 30 mm may be used.  

    Anesthesia   of  nasal mucosa   is necessary to reduce possible pain due 
to the insertion of the instrument used for the mechanical align-
ment of the cartilage. The patient will feel a pressure on the  septum 
and lateral wall of nasal cavity. This sensation decrease gradually 
and disappears at the beginning of laser treatment as stress 
 relaxation occurs. Local anesthetic application is used. A standard 
topical anesthetic with addition of 0.1 % solution of epinephrine or 
a similar decongestant (i.e., 0.1 % naphthizin solution) is applied. 
This is applied to nasal mucosa of the septum and to the lateral wall 
of a nasal cavity in the vicinity of the inferior turbinate. Anesthetic 

 Technology 
of LSC

 Determination of Deviated 
Part of Nasal Septum 
and Kind of Septonasal 
Deformities

 Topical Anesthesia 
in the Area of Deformation
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spray (e.g., 10 % lidocaine solution) may also be used. The 
 anesthetic is adequate for the subsequent laser procedure that lasts 
collectively 10–12 min.  

   Cartilage of nasal septum is straightened and fi xed in the  median   
position using special instrument. This instrument is a modifi ed 
nasal speculum that is stabilized and secured to the patient’s head 
using a brace. The placement of the instrument to deform the sep-
tum and general approach to laser irradiation are illustrated in 
Figs.  8  and  9 , respectively.

       Laser light is  delivered   via a quartz fi ber to an optothermome-
chanical handpiece with a sapphire window-indenter at the tip that 
is applied to the deviated part of septum. The handpiece is inserted 
into the nostril and positioned so that the sapphire window is in 
contact with the region of nasal cartilage where energy is applied.  

 Straightening 
out of the Deviated 
Cartilage by Mechanical 
Treatment

 Laser Radiation Delivery 
to Deviated Part of Nasal 
Septum

  Fig. 8    Scheme of LSC. Initial deformation of septonasal cartilage; straightening out of the deviated cartilage by 
mechanical treatment; introduction of contactor; laser treatment       

  Fig. 9    LSC procedure for a patient       
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   Treatment is  computer   controlled. Laser dosimetry is fi rst deter-
mined by the surgeon using system software. Laser radiation is 
switched on by pressing of a pedal. The areas of maximum mechan-
ical stress are treated by laser radiation. The treatment is carried 
out in linear direction from the inside part of the septum to the 
outside. The temperature is monitored and controlled by the ther-
mocouple sensors, built into contactor, and the data are displayed 
on the screen of a computer. Laser radiation is automatically termi-
nated at the attainment of a preset temperature. Then the surgeon 
moves the handpiece to the next point. The indenter depresses the 
mucosa of the septum and the laser is switched on. The size of a 
laser spot is of 1.5 mm. Thus 4–6 points with distance between 
them of 3–4 mm are processed. 

 After laser treatment begins, the patient experiences some 
relief of discomfort as there is a decrease of pressure of the instru-
ment acting on the septum. After treatment, the device is taken 
out. Short-term stabilization of septal position in the midline is 
achieved using cotton packs soaked in Vaseline, which are inserted 
into the nostril where there is a convex deformity. 

 Laser procedure proceeds for 10–12 min, and it is not accom-
panied by bleeding. Usually the patients can leave 30 min after the 
procedure.   

   Clinical examination
  Objective measures 

    1.    The use of anterior rhinoscopy demonstrates the correction of 
the septal deformity, which includes  the   reduction in C-shaped 
deformity and overall widening of the airway.   

   2.    Rhinomanometric examination can be used to measure fl ow.    

  Objective signs 

    1.    Improvement in nasal breathing.   
   2.    Reduction and/or disappearance of snoring and sleep apnea.   
   3.    Improvement of the psychological status of the patient.   
   4.    Improvement in performance in various physical activities 

(swimming, running, etc.).    

     The fi rst 250 LSC surgeries were performed in 1999–2006 at the 
ENT clinics of the Sechenov 1st Medical University of Moscow 
(Russia) using Holmium and Erbium-doped glass fi ber lasers. 
More recently, an improved system for LSC (Arcuo Medical Inc.) 
was used in 830 patients (2007–present) whose age ranged between 
12 and 88 years at the Vladimirsky Research and Clinical Institute 
of Moscow Region, Sechenov 1st Medical University of Moscow 
and at the Clinics “Medicina,” Moscow, Russia. A prospective 
study was conducted between January 2007 and June 2007 at the 

 Laser Treatment 
of Deviated Cartilage

 Postoperation 
Examination 
of Patients

 Clinical Follow 
Up Results
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Department of Otolaryngology, School of Medicine, University of 
Crete, Greece on 67 patients, 49 male, and 18 female between 16 
and 70 years of age [ 32 – 35 ]. 

  Results    Preoperatively  , all patients experienced considerable diffi-
culty in nasal breathing due to a C-shaped deviation of their carti-
laginous septum. The straightening of the nasal septum and with 
improvement in breathing were obtained immediately after laser 
procedure in all the patients (Fig.  10 ).   

 This was also shown by the results of the active anterior rhino-
metric examination (Fig.  11 ) and the Nasal Obstruction Symptom 
Evaluation (NOSE) scale, answered by the patients. No age limita-
tions, no complications, and no  negative   secondary effects were 
observed [ 33 ].

       Equipment for Laser Reshaping of Nasal Cartilage 

 The  Laser   Septocorrector LSC-701 was developed by the Arcuo 
Medical Inc., USA (Fig.  12 ). It includes an Erbium-doped glass 
fi ber laser, special instrument (Fig.  13 ), optothermomechanical 
contactor (Fig.  14 ), and feedback control system measuring 
 temperature in the course of  laser   procedure and switching the 
laser off when preset value of temperature is achieved [ 29 ,  30 ]. 
The thermomechanical contactor has three functions: (1) deliver 

Before After
laser reshaping of nasal septum

The Width of the Air Way of Human Nose

  Fig. 10    Nasal way of two patients before ( left  ) and after ( right  ) laser irradiation       
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laser energy, (2) press nasal septum to remove water and prevent 
mucosa heating and damage, and (3) monitor temperature using 
two thin thermocouples mounted on the contactor sapphire 
 window at the periphery of laser spot. The temperature measured 
in the course of LSC is presented in Fig.  5 . The technical specifi ca-
tion of LSC is presented in  the   Table  1 .

      Another device with similar technology was evaluated in 12 
patients [ 36 ]. The Er-glass laser (1.54 μm) dosimetry was pulse 
duration of  10  ms, laser fl uence of 30–50 J/cm 2 . That fl uence 
 represents a laser power density of  3–5  kW/cm 2  which is much 
higher than the power density of 200–300 W/cm 2  used in the LSC 
technology in our series [ 34 ,  35 ]. Since contact cooling of the 
surface reduced potential mucosal injury, their laser settings may 
have led to pronounced denaturation of cartilage with chondro-
cytes necrosis. Hence, in theory, the fi nal shape of nasal septum 
may change after laser procedure because of regeneration processes 
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  Fig. 11    Rhinomanometric measurements  for   a patient before ( left ) and after ( right ) laser irradiation       
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  Fig. 12    Equipment for LSC [ 35 ]       

  Fig. 13    A variant of the  instrument   for LSC [ 26 ]       
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in the damaged tissue. Therefore in the approach [ 36 ], immediately 
after the procedure, an internal septal splint was inserted into the 
nostril and kept for 7 days. In contrast, the LSC procedure does 
not lead to the tissue damage and allows to obtain stable results 
without the weekly applications of  the   splints [ 32 – 35 ].  

   Prospects of Laser Reshaping of Cartilage 

 For many cases, the atraumatic bloodless procedure LRC will 
potentially replace the conventional approach to the correction of 
septal deformities involves incisions through the  mucoperichondrium, 

  Fig. 14    Optothermomechanical contactor and indenter with two thermocouples [ 29 ]       

   Table 1  
  The  technical specifi cation   LSC (Arcuo Medical Inc.)   

 Technical data 

 Output laser power  Up to 3 W 

 Laser type, wavelength  Erbium-doped glass fi ber laser, 
infrared, 1560 nm 

 Mode of operation  Modulated 

 Length of combined cable  3 m 

 Feedback control system  Microprocessor based 

 Laser spot diameter  1.5–2.0 mm 

 Maximum power consumption  500 W 

 Dimensions in mm (LWH)  500 × 450 × 1150 

  Weight    40 kg 
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elevation of fl aps, and resection or reshaping of deformed cartilage 
via scoring, suturing, or morselization. 

 The phenomenon of laser cartilage reshaping is compelling 
and innovative advancement in clinical laser research and its clinical 
use will extend beyond just otolaryngology. As research continues 
new applications appear in anatomical areas, where cartilage exists 
and this will prove benefi cial for the patients and industry. Laser 
procedures can be accomplished with minimal morbidity and with 
considerable reduced cost. The laser technology will continue to 
develop and transform diagnosis and treatment. As far as the 
 specialty of otolaryngology is concerned, the laser reshaping of the 
cartilage will fi nd new possible applications in the ears, the nose, 
the larynx, and the trachea [ 37 – 43 ].  

   Conclusions 

 Heating cartilage with a laser accelerates stress relaxation. Then 
internal forces causing cartilage to resist shape change dissipate and 
a new stable geometry is achieved. Nasal septal cartilage reshaping 
with laser, when compared to the conventional surgery, is a straight-
forward, relatively painless, atraumatic, and bloodless approach. It is 
an offi ce-based or outpatient procedure, not limited by age or most 
medical comorbid conditions. As the technology is further devel-
oped and refi ned, other deformities of cartilage in the head and neck 
may be amendable to treatment using this approach and modality.     
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    Chapter 16   

 Low Level Laser (Light) Therapy (LLLT) in Otolaryngology                     

     Chung-Ku     Rhee       

        Low Level Laser (Light)  Therapy   

 Recently,  biotechnology   has provided various new medical 
 knowledge, tools, and techniques to generate treatments for dis-
eases that were previously incurable or diffi cult to treat. Low level 
laser (light) therapy (LLLT) is one of these kinds of new medical 
technique that made it possible to treat many medical conditions 
that were diffi cult to treat previously. 

 LLLT, also known as  photobiomodulation     , has a wavelength- 
dependent capability to alter cellular behavior in the absence of 
signifi cant heat. LLLT involves exposing lesions to low levels of 
red and near infrared laser or light in the range of 1–1000 mW and 
referred to low level because its light energy density is low com-
pared to other forms of high energy laser that are used to cut, 
ablate, or thermally coagulate tissues. Traditionally, low power 
laser has been referred for LLLT, but recently, the  light-emitting 
diode (LED)         also has been used for LLLT in place of laser. 
LED produces lights that are similar to those of lasers, but its 
wavelength has broader output peaks and lacks the coherence that 
is a particular feature of laser light. LED has the advantage of being 
less expensive [ 1 ], safer to use, and easier to manufacture than 
laser. 

 Phototherapy (light therapy)    was practiced in ancient Egypt, 
Greece, China, and India. The Egyptians utilized sunlight as well 
as color for healing [ 2 ]. Color has been investigated as medicine 
since 2000 BC [ 3 ]. LLLT was noticed to stimulate hair growth in 
1967, wound healing in mice in 1971, and the wound healing 
effect was soon applied to human patients [ 4 – 7 ]. LLLT is being 
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used  to   treat musculoskeletal injury, pain, infl ammatory arth ritis, 
tendinitis, neuropathic pain, orofacial pain, sports injuries, 
Buerger’s disease, headache, nerve repair, sympathetic nervous 
 system dysfunction, hemangiomas, immune modulation, bacterial 
infections, infl ammation, and tinnitus [ 8 ]. LLLT has become a 
popular treatment modality and is fi nding a variety of uses in medi-
cal practice. In the past decade, LLLT has been approved by the 
United States Food and Drug Administration (FDA) in treating 
diseases such as  carpal tunnel syndrome      [ 9 ] and alopecia [ 10 ].  

     Mechanisms of LLLT   

 LLLT effects are due to photochemical effects unlike high pow-
ered laser. The photons of light must be absorbed by some molec-
ular photoreceptors on chromophores for photochemistry to occur 
[ 11 ] as chlorophyll in plants responding to light and activating 
photosynthesis. Within the cells, there is strong evidence to sug-
gest that LLLT acts on the mitochondria to increase adenosine 
triphosphate (ATP) production, modulation of reactive oxygen 
species (ROS), and induction of transcription factors. Several tran-
scription factors are regulated by changes in cellular redox state. 
Among them, redox factor-1 (Ref-1) dependent activator protein-
 1 (AP-1) (a heterodimer of c-Fos and c-Jun), nuclear factor kappa 
B (NF-κ(kappa)B), p53 activating transcription factor/cAMP- 
response element-binding protein (ATF/CREB), hypoxia- 
inducible factor (HIF)-1, and HIF-like factor are those regulated 
[ 12 ]. These transcription  factors   then cause protein synthesis that 
triggers further effects downstream, such as increased cell prolif-
eration and migration, modulation in the levels of cytokines, 
growth factors, and infl ammatory mediators, and increased tissue 
oxygenation [ 13 ]. Figure  1  shows the proposed cellular and molec-
ular mechanisms of LLLT [ 12 ].

        Biphasic Dose Response   

 It is well established that if the light applied is not of suffi cient 
irradiance or the irradiation time is too short then there is no 
response. If the irradiance is too high or irradiation time is too 
long then the response may be inhibited [ 14 – 16 ]. Somewhere in 
between is the optimal combination of irradiance and time for 
stimulation [ 12 ]. At present there has been no convincing report 
of biphasic dose responses occurring in patients, but several sys-
tematic reviews and meta analyses of randomized controlled trials 
in LLLT have found that some ineffective trials may be explained 

Chung-Ku Rhee



237

by over-dosing, in that the guidelines set by World Association for 
Laser Therapy were exceeded. Moreover, it is unknown to what 
extent the parameters are needed for the onset of the biphasic dose 
response, and it will vary in a highly heterogeneous patient 
 population as compared with a highly uniform  population   of 
experimental animals [ 16 ].  

     Pulsing in LLLT   

 Pulsed light offers numerous potential benefi ts. Because there are 
“quench periods” (pulse OFF times) following the pulse ON 
times, pulsed lasers can generate less tissue heating. In instances 
where it is desirable to deliver light to deeper tissues, increased 
powers are needed to provide adequate energy at the target tissue. 
This increased power can cause tissue heating at the surface layers 
and in this instance, pulsed light could be very useful. Whereas 
continuous wave ( CW)      causes an increase in temperature of the 
intervening and target tissues or organ, pulsed light has been 
shown to cause no measurable change in the temperature of the 
irradiated area for the same delivered energy density. 

 Aside from safety advantages, pulsed light might simply be 
more effective than CW. The “quench period” (pulse OFF times) 
reduces tissue heating, thereby allowing the use of potentially 
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  Fig. 1    Cellular  mechanisms of LLLT  . Schematic diagram showing the absorption of red or near infrared (NIR) 
light by specifi c cellular chromophores or photoacceptors localized in the mitochondrial. During this process in 
mitochondria respiration chain ATP production will increase and reactive oxygen species (ROS) are generated; 
nitric oxide is released or generated. These cytosolic responses may in turn induce transcriptional changes via 
activation of transcription factors (e.g., NF-κ(kappa) B and AP1) (from Ann Biomed Eng. 2012 40: 516–33, with 
permission from Springer)       
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much higher peak power densities than those that could be safely 
used in CW. For example, when CW power densities at the skin of 
≥2 W/cm 2  are used, doubling the CW power density would only 
marginally increase the treatment depth while potentially signifi -
cantly increasing the risk of thermal damage; in contrast, peak 
powers of ≥5 W/cm 2  pulsed using appropriate ON and OFF times 
might produce little or no tissue heating. The higher peak powers 
that can be safely used by pulsing light can overcome tissue heating 
problems and improve the ability of the laser to penetrate into 
deeper tissues achieving greater treatment depths. The majority of 
the pulsed light sources used for LLLT have frequencies in the 
2.5–10,000 Hz range and pulse  durations   are commonly in the 
range of a few millisecond [ 1 ].  

     Penetration Depth   

 The most important parameter that governs the depth of penetra-
tion of laser light into tissue is wavelength. Both the absorption 
and scattering coeffi cients of living tissues are higher at lower 
wavelength, so near-infrared light penetrates more deeply than red. 
It is often claimed that pulsed lasers penetrate more deeply into 
tissue than CW lasers with the same average power. There is no 
consensus on the effects of different frequencies and pulse param-
eters on the physiologic and therapeutic response of the various 
disease states that are often treated with laser therapy. This has 
allowed manufacturers to claim advantages of pulsing without hard 
evidence to back up their claims. CW light is the gold standard and 
has been used for most of LLLT applications. However, review of 
the literature indicates that overall pulsed light may be superior to 
CW light with everything else being equal. This seemed to be par-
ticularly true for wound healing and post-stroke management. On 
the other hand, pulsed laser as a solo treatment may be less benefi -
cial than CW in patients requiring nerve regeneration. Reviews of 
literatures indicate that pulsing will continue to play an important 
role in LLLT especially for applications where deep tissue penetra-
tion is required [ 1 ].  

   Transcanal LLLT on Noise-Induced Hearing Loss, Ototoxic Hearing Loss, Tinnitus, 
and Vestibular Dysfunction 

   The penetration rate of low level laser (LLL) into perilymphatic 
space of cochlea through an external ear canal, tympanic mem-
brane, and cochlear wall has been measured using 830 nm laser 
diode, and side effects of LLL on ear canal, tympanic membrane, 

  Transcanal Penetration 
Rate and Side Effects   
of Transcanal LLLT
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and cochlea have been studied. Laser diode of 80 mW was irradi-
ated through an external ear canal of guinea pigs once daily for 2 
weeks. Histopathologic study was done, and hearing tests were 
measured using  auditory brain response (ABR)     . Transcanal pene-
tration rates in guinea pigs were 6.4 mW (8 %) at the middle ear 
behind the tympanic membrane and 4 mW (5 %) at the perilym-
phatic space of cochlea. Histopathology studies of ear canal skin 
and tympanic membrane showed all normal fi ndings. ABR hear-
ing tests revealed all normal hearing after transcanal LLLT for 2 
weeks. Separate penetration study using human cadaver temporal 
bones showed that transcanal penetration rate of LLL was 4 mW 
(5 %) at the middle ear and 1.6 mW (2 %) at the perilymphatic 
space. No laser penetration was measurable through mastoid bone 
(Table  1 ).

   This study indicates that transcanal LLLT with 80 mW of 
830 nm LD does not induce any side effects to ear canal skin, 
drum, and cochlea [ 8 ].   

    LLLT on Noise-Induced Hearing  Loss   

 One of the most common factors that cause hearing disorders is 
noise trauma. Noise is an increasing hazard and it is pervasive, 
which makes it diffi cult to take precautions and prevent  noise- 
induced hearing loss (NIHL)     . Many researches have been carried 
out to fi nd ways to restore hearing, but no defi nite treatment has 
been established yet. The effects of lasers on hearing recovery 
have been investigated, and several studies using animals reported 
that LLLT using 830 nm infrared laser diode may improve 
NIHL, ototoxic hearing loss, tinnitus, and vestibular dysfunction 
[ 17 ,  18 ]. 

 NIHL was induced by exposing rats to 116 dB noise centered 
at 16 kHz for 6 h. The rats were treated with transcanal LLLT using 
830 nm diode laser with 165 mW for 60 min/day (594 J/day) for 

   Table 1  
   Transmeatal penetration rate   of LLL (80 mW transcanal irradiation)   

 Penetration through tympanic 
membrane  Penetration through cochlea wall 

 Cadaver  4 mW (5 %)  1.6 mW (2 %) 

 Guinea Pig  6.4 mW (8 %)  4 mW (4 %) 

  No penetration of laser through mastoid bone was demonstrated  
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12 days. Hearing has been evaluated by auditory brainstem 
response, and hair cells of cochlea were examined by SEM. The 
results are shown in Figs.  2  and  3  [ 17 ]. This study indicated that 
LLLT may have a positive effect on cochlear hair-cell recovery after 
acute acoustic trauma. The hearing threshold became lower 
(improved) after repeated laser irradiation, and the fi nal hearing 
result was signifi cantly better than that of the untreated ears. 
Considering that there is no defi nitive treatment for acute acoustic 
trauma in humans, LLLT evolves as a new treatment modality for 
noise-induced acute hearing loss once a human study is completed 
with positive result [ 17 ].

  Fig. 2    Hearing threshold  changes   after repeated transcanal LLLT, 24 h after noise exposure (after the fi rst 
LLLT), the ABR thresholds were increased markedly to 50–80 dB SPL for both N (noise only) and NL (noise and 
laser) ears. The hearing threshold between N and NL ears were almost the same at this time point. Signs of 
change were observed after 5 days of irradiation. After the 8th to 10th irradiation, a signifi cant difference was 
found at all frequencies. After the 12th irradiation, the hearing threshold was signifi cantly improved on the NL 
ears when compared to the N ears at all fi ve frequencies (  p  < 0.05) (from J of Biomed Opt 17, 068002, 2012, 
with permission from SPIE)       
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    Before LLLT is applied to human ears, we need to consider 
two variations: the fi rst one is the different penetration rate of 
humans; it is thought to be lower than that of rodents [ 8 ] (Rhee 
2006 spie), therefore, more power needs to be delivered to the 
cochlea in humans, but without causing complications. The next 
consideration is local heating; this is presumed to be the only 
adverse effect [ 18 ]. Previous study showed that there is no damage 
with  laser   of power 200 mW, but there may be signifi cant damages 
in human ears with irradiation of higher power than 200 mW [ 19 ].  

    LLLT on  Tinnitus   

  Tinnitus   is one of the most frequently encountered and the most 
enigmatic ear symptoms in otolaryngology clinic. Tinnitus has 
been known to develop from noise, aging, and many drugs such as 
salicylates, aminoglycoside, antibiotics, quinine, and cisplatin [ 20 ]. 
Even though many basic and clinical researches have been con-
ducted to elucidate the mechanisms and to fi nd ways to cure for 

  Fig. 3    Number of hair cells observed by scanning electron  microscopy  . The num-
ber of hair cells of the NL (noise and laser) ears was larger than that of 
the N (noise only) ears and this difference was statistically signifi cant in the 
middle turn (  p  < 0.05).The number of hair cells of the C (control) ears was signifi -
cantly larger than that of the N ears in the apical, middle, and the basal turn. The 
number of hair cells of the C ears was also signifi cantly larger than that of the NL 
ears in the basal turn. But the number of hair cells of the C ear in the apical and 
middle turn was similar to that of the NL ears (from J of Biomed Opt 17, 068002, 
2012, with permission from SPIE)       
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decades, there is still no silver bullet for this bothersome ear 
 problem. Since early 1990s, LLLT has been used to treat patients 
with tinnitus by several investigators. Signifi cant reduction of tin-
nitus intensity was reported by different authors in a range of 
15–80 % of patients [ 21 – 24 ]. 

 A clinical study on tinnitus by transcanal LLLT applying 
830 nm LD, 80.4 J/cm 2 , three times per week for 4 weeks, dem-
onstrated signifi cant reductions of loudness and the degree of 
annoyance, while the duration of tinnitus was not signifi cantly 
decreased in laser group. This study used VAS and tinnitus handi-
cap inventory (THI) questionnaire for evaluation that is well 
accepted method to study tinnitus [ 8 ]. The results of clinical stud-
ies on tinnitus utilizing transcanal LLLT were mixed. Four previ-
ous studies reported positive result [ 23 – 26 ] and fi ve studies showed 
negative result [ 21 ,  22 ,  27 – 29 ]. An optimal dosage of the LLLT 
for tinnitus or other various inner diseases needs to be established 
by further studies involving patients with tinnitus and other inner 
ear diseases. 

 Recently, phototherapy with transcanal  LLLT   on animal mod-
els has shown possible role of lasers in inner ear pathology [ 17 , 
 30 ]. But, how laser irradiation is acting on inner ear hair cells and 
auditory nerves after various insults is yet to be elucidated, urging 
further mechanism study with animal model. 

 A study to quantify the effect of LLLT on the treatment of 
  tinnitus   in animal model has been carried out studying the effect of 
LLLT on salicylate-induced tinnitus in the rat model by means of 
 Gap Prepulse Inhibition of Acoustic Startle (GPIAS)     . Tinnitus was 
elicited with salicylate intravenous injection daily. GPIAS was used 
to monitor tinnitus perception. Rats received transcanal LLLT, 
showed signifi cantly higher GPIAS values throughout the experi-
ment, indicating transcanal LLLT reduced tinnitus perception. 
The results of this study suggest that transcanal LLLT may provide 
a feasible therapeutic approach to control tinnitus. This is the fi rst 
animal experiment to evaluate laser irradiation effects on tinnitus 
perception [ 31 ].  

   Effect of LLLT on Hearing and Cochlea Hair Cell Recovery 
After Ototoxic Hearing  Loss   

 Gentamicin/furosemide-induced hearing loss animal models were 
established in rats using the modifi ed method previously described 
[ 32 ]. The animals with gentamicin/furosemide-induced hearing 
loss were treated with transcanal LLLT using 830 nm diode laser 
at the fl uence of 72 J (200 mW × 60 min) once a day for 10 days. 
Only 4.32 J (6 % of 72 J) is expected to reach into the cochlea. 
Hearing was measured with ABR, and quantitative scanning elec-
tron microscopic (SEM) observations were done by counting 
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remaining hair cells. On SEM images, LLLT signifi cantly increased 
the number of hair cells in middle and basal turn of the cochlea. 
Hearing was signifi cantly improved by laser irradiation (from 57 to 
44 dB). This study showed that LLLT improved gentamicin/
furosemide- induced hearing loss and recovery of damaged cochlear 
hair cells. As for safety issues, transcanal LLLT in rats using the 
830 nm laser irradiating 200 mW for 60 min has not induced any 
side effects [ 30 ].  

    Effects of Transcanal LLLT on Vestibular System After Gentamicin  Ototoxicity   

 Vestibular disorders display high prevalence and can severely impact 
the daily life. Vertigo and dizziness rank among the most common 
reasons for consultation and referral to specialist care [ 33 ,  34 ]. 
However, pharmacological options that would effi ciently relieve 
the vertigo symptoms without side effects are still lacking. 

 A bilateral vestibulopathy animal model using adult rats was 
developed by gentamicin (GM) intravenous injection once daily 
for 3 days. Bilateral vestibulopathy was confi rmed by sinusoidal 
oscillation tests. Transcanal LLLT was irradiated to left ear canal 
for 7 days, starting 1 day post-GM injections for 3 days. The gain 
of LLLT left ear was decreased in 3 days post-LLLT but the 
decreased gain was improved signifi cantly comparing to that of 
control right  ear  , and the improved gain of LLLT left ear was much 
closer to that of the pre-GM injection level. The average number 
of hair cells in the cupula of the laser treated left ear was signifi -
cantly higher comparing to that of the control right ear and it was 
comparable to the cupula hair cells of the pre-GM injection level. 
This study demonstrated that LLLT restores vestibular dysfunc-
tion and damaged vestibular hair cells in rats post-gentamicin 
 ototoxicity. Transcanal LLLT may have clinical implications in the 
treatment of various vestibular dysfunctions [ 35 ]. 

 A study inducing unilateral vestibulopathy by GM injection 
into the middle ears of guinea pigs reported therapeutic effect of 
transcanal LLLT [ 8 ]. Unilateral left vestibulopathy was induced by 
injecting GM into left middle ears of both control and treated 
groups. Unilateral left vestibular dysfunction was confi rmed by 
animal rotator in both groups. Transcanal LLLT was performed 
into the left ear canals of the treated-group, while the left ear of the 
control group was not treated.  Unilateral vestibular dysfunction   of 
the LLLT treated left ear was improved signifi cantly, while the uni-
lateral vestibular dysfunction in the left ear of the control group 
was not improved. 

 These two studies indicate that transcanal  LLLT   may be able 
to treat various vestibular dysfunctions of human patients.  
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    Transnasal LLLT on Nasal Allergy 

 The number of patients with allergic rhinitis is still increasing, 
especially in the well-developed, industrialized countries. Although 
it is not associated with severe morbidity and mortality,  allergic 
rhinitis   has a major effect on the quality of life. Its increasing preva-
lence, its impact on the individual quality of life and social costs 
[ 36 ] and its role as a risk factor for asthma [ 37 ], underline the need 
for improved treatment options for this disorder. 

  Treatments   for allergic rhinitis comprise allergen avoidance, 
pharmacotherapy, and immunotherapy. Although allergen avoid-
ance may be the preferred treatment, total allergen avoidance may 
be an unrealistic approach, as it may require limited time spent 
outdoors. Thus, pharmacotherapy is preferable to allergen avoid-
ance for symptom relief. Nonselective antihistamines can cause 
sedation and potentially cause other adverse effects such as dry 
mouth, dry eyes, urinary retention, constipation, and tachycardia. 
 Nonselective antihistamines   are associated with impaired sleep, 
learning, and work performance and with motor vehicle, boating, 
and aviation accidents [ 38 ].  Corticosteroids   are recommended as 
fi rst-line treatment for moderate/severe or persistent allergic 
 rhinitis [ 39 ]. Adverse local effects may include increased intraocu-
lar pressure and nasal stinging, burning, bleeding, and dryness. 
 Decon gestants      can be used only on healthy young patients for a 
limited period of time. 

 Since conventional therapy with antiallergic medications car-
ries signifi cant notable side effects and limitations, it would be 
worth to try LLLT to treat allergic rhinitis. 

 LLLT reduced delayed hypersensitivity reaction to ovalbumin 
in  Balb/C mice   in an animal study, and in a study with footpad 
histopathology, levels of TNF-α (alpha), INF-γ (gamma), and 
IL-10 analyses between control and hypersensitized animals. This 
study indicates that treatment with LLLT has an immunomodula-
tory effect on delayed hypersensitivity reaction to OVA [ 40 ]. 

 The effects of intranasal LLLT on allergic rhinitis are not well 
established. The effects of intranasal LLLT on nasal allergy have 
been studied using  rat allergy models   [ 40 ] and patients with aller-
gic rhinitis [ 42 ,  43 ]. 

 The effect of LLLT in an experimental rat model of delayed 
hypersensitivity reaction in nasal cavity has been studied. Rats 
were sensitized with ovalbumin (OVA) and alum and challenged 
intranasally with  OVA  . The nasal  rubbing symptom score   was 
counted, spleen was emulsifi ed, and cytokines IL-4, IL-5, IL-6, 
IL-10, IL-17, and IFN-γ in the splenocytes were assayed. Using 
830 nm LD laser, 10 mW intranasal LLLT for 15 min daily for 
10 days reduced allergic symptom and suppressed systemic cyto-
kine production by splenocytes, while they were not decreased in 
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no laser treated positive control group. This study demonstrated 
that intranasal LLLT with 10 mW LD laser into nasal cavity 
induced antiallergic effects by decreasing allergy symptoms and 
systemic cytokines production in an allergic rhinitis rat model. 
Intranasal LLLT with 50 mW was not effective to reduce allergy 
symptoms and cytokines.  Biphasic dose response   was applied here. 
Nasal LLLT may be considered as a potential therapeutic modality 
in treating allergic rhinitis [ 41 ]. 

 In an open study, groups of patients with severe allergic rhi-
nitis received intranasal LLLT with a 308 nm  XeCl UVB excimer 
laser   for 2 weeks. In the low-dose group, treatment was given 
twice weekly, starting with 0.25× the individual minimal ery-
thema dose ( MED)  , whereas patients in the medium-dose group 
were treated four times weekly, starting with 0.4× MED. In each 
group, the dosage was gradually increased. Evaluation was based 
on the symptom scores. The effect of the XeCl laser on the skin 
prick test  reaction was also studied. In the low-dose group, there 
was no improvement in the nasal symptoms. In the medium-
dose group, the XeCl UVB irradiation signifi cantly inhibited the 
rhinorrhoea, the sneezing, the nasal obstruction, and the total 
nasal score ( p  < 0.05). The XeCl UVB excimer laser also inhib-
ited the allergen- induced skin prick test in a dose-dependent 
manner. These results suggest that the XeCl UVB  excimer   laser 
might serve as a new therapeutic tool in the treatment of allergic 
rhinitis [ 42 ]. 

 As these animal and human studies demonstrated, transnasal 
LLLT appears to be effective to improve status of allergic rhinitis 
without notable side effects, while most of the antiallergic medica-
tions may carry signifi cant side effects.  

    LLLT on Oral  Mucositis   

 Oral mucositis ( OM)   refers to  erythematous and ulcerative lesions   
of the oral mucosa observed in patients with cancer being treated 
with chemotherapy and/or with radiation therapy to fi elds involv-
ing the oral cavity. OM can be very painful and can signifi cantly 
affect nutritional intake, mouth care, increase risk for local and 
systemic infection, and quality of life [ 44 ,  45 ]. At the same time, 
OM is a major dose-limiting toxicity of  chemotherapy and radia-
tion therapy   to the head and neck region. It was reported that 303 
of 599 patients (51 %) receiving chemotherapy for solid tumors or 
 lymphoma   developed oral and/or GI mucositis [ 45 ]. OM devel-
oped in 22 % of 1236 cycles of chemotherapy and even higher 
percentage (approximately 75–80 %) of patients who receive high- 
dose chemotherapy prior to hematopoietic cell transplantation 
developed clinically signifi cant OM [ 47 ]. Almost all patients 
treated with radiation therapy for head and neck cancer will develop 
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some degree of OM. In the recent studies, severe OM occurred in 
29–66 % of all patients receiving radiation therapy for head and 
neck cancer [ 48 ,  49 ]. 

  Management   of OM has been largely palliative to date. 
Management of OM is divided into the following sections: nutri-
tional support, pain control, oral decontamination, palliation of 
dry mouth, management of oral bleeding, and therapeutic inter-
ventions for OM. Several agents have been tested to reduce the 
severity of, or prevent, mucositis. Conventional  treatments   of 
OM include cryotherapy, administration of growth factors, anti- 
infl ammatory agents, and antioxidants [ 50 ]. LLLT has been tried 
by many clinicians and investigators for preventive and therapeutic 
 purposes  . Multiple studies have indicated that LLLT can reduce 
the severity of chemotherapy and radiation-induced OM [ 51 – 53 ]. 
Studies are diffi cult to compare due to varying  laser types and 
parameters   (such as wavelength and fl uence). Nevertheless, success 
rate of 81 % when LLLT was given as a preventive treatment, and 
83 % of therapeutic success rate have been reported [ 53 ]. 

 Previous study revealed that no heterogeneity between trials 
with  optimal doses   for the red (630–670 nm) and the infrared 
(780–830 nm) subgroups. The optimal dose ranges for red and 
infrared wavelengths on OM are usually 1–8 J. The laser applica-
tions are usually performed daily, perpendicular to the lesions 
intraorally.  LLLT   needs to be performed at least every other day 
for the duration of chemoradiotherapy regimens or as long as OM 
ulcers are present. The trials which aimed at the prevention of 
OM started LLLT at 7 days before chemoradiotherapy regimens 
[ 50 ]. The newly available blue LED has potential for the manage-
ment of OM, and research is warranted based on the known effects 
of this light therapy in wound healing [ 54 ]. 

 Although the literatures suggest that lasers with wavelengths 
varying between 632 and 830 nm can have benefi cial effects on 
preventing and treating OM, no specifi c protocols that investi-
gated other parameters such as tissue fl uency (energy density), 
ideal time of laser application, variations in cancer type, and cancer 
treatment regimens are available [ 55 ]. Extraoral application of 
 LED  , 4 J (total 12 J/treatment) to the extraoral bilateral cheeks 
and anterior throat tissues, was shown to have a signifi cant reduc-
tion in pain but not for other mucositis scoring scales [ 56 ]. 

 LLLT improved quality of life by reducing oral hygiene, diffi -
culty of drinking, swallowing, speaking, and secondary infection 
[ 52 ,  57 ]. LLLT appears to be effective in improving OM, in con-
trolling the intensity of mucositis, in relieving the OM related pain,    
and in improving the  quality of life  . All the studies investigated 
possible side effects, but none found side effects or adverse effects. 
LLLT was well tolerated among all patients with OM [ 51 ].  

Chung-Ku Rhee



247

    LLLT in the Management of  Neck Pain   

 Chronic neck pain is a highly prevalent and costly condition affect-
ing 10–24 % of the population [ 58 – 60 ] and for which pharmaco-
logical management has limited evidence of effi cacy.  LLLT   is 
noninvasive treatment for neck pain, in which nonthermal laser 
irradiation is applied to sites of pain. The presenting neck pain can 
have several concurrent sources of pain from joints, muscles, and 
ligaments. 

  Transcutaneous application   results in laser- energy   scattering 
and spreading into a three-dimensional volume of tissue up to 
5 cm for infrared laser [ 61 ]. Previous studies suggest that trigger 
points in the neck coincide with the location of acupuncture points 
in 70–80 % of patients [ 62 ,  63 ]. Since trigger points and acupunc-
ture  points   are characterized by tenderness, the treatment effect of 
laser irradiation to tender points, trigger points, or acupuncture 
points is likely to be the same. Thus, when treating neck pain with 
LLLT, irradiation of known trigger points, acupuncture points, 
tender points, and symptomatic zygapophyseal joints is advisable 
[ 64 ]. A  meta-analysis   reported that at 820–830 nm, doses are most 
effective in the range of 0.8–9.0 J per point, with irradiation times 
of 15–180 s. At 904 nm, doses are slightly smaller (0.8–4.2 J per 
point) with slightly longer irradiation times (100–600 s) than at 
820–830 nm [ 64 ]. The optimum mean dose per point for 820–
830 nm was 5.9 J, with an irradiation time of 39.8 s, and for 
904 nm, 2.2 J delivered with an irradiation time of 238 s. The 
same meta-analysis reported moderate statistical evidence for effi -
cacy of LLLT in the treatment of acute and chronic neck pain in 
the short and medium term [ 64 ]. 

 This positive relieving effect was maintained for 3 months after 
the treatment ended, while the effect of NSAIDs ends rapidly 
when drug is discontinued [ 65 ]. Another study of  LLLT   on acute 
neck pain with radiculopathy reported signifi cant improvement for 
intensity of arm pain and neck extension. LLLT was applied to the 
skin projection at the anatomical site of the spinal segment involved 
with the following  parameters  : 905 nm at 5000 Hz, power density 
of 12 mW/cm 2 , and dose of 2 J/cm 2 , for 120 s, at whole dose of 
12 J/cm 2  [ 66 ].  Side effects   of tiredness, nausea, and stiffness have 
been reported post-LLLT [ 67 ]. LLLT does not generate any heat 
and safety issue relating mainly to potential eye damage, and safety 
glasses are required for the use of LLLT. 

 Mechanisms for LLLT-mediated pain  relief   are not fully under-
stood.  Anti-infl ammatory effects   of red and infrared laser irradia-
tion have been shown by reduction in specifi c infl ammatory 
markers (prostaglandin E, interleukin 1β (beta), TNF α in vivo and 
in vitro studies in animal and man [ 68 ]. Second possible mecha-
nism is to reduce  oxidative stress and skeletal muscle fatigue   that 

Low Level Laser (Light) Therapy (LLLT) in Otolaryngology



248

has been reported in animal and human studies [ 69 ,  70 ]. Another 
mechanism for LLLT effects on  myofascial pain and trigger points   
could be an inhibition of transmission at the neuromuscular junc-
tion [ 71 ]. Such effects could mediate the clinical fi nding that 
LLLT decreases tenderness in trigger points within 15 min of 
LLLT application [ 72 ]. LLLT studies on  cervical pain   compare 
favorable with other widely used therapies and especially with 
pharmacological interventions for which evidence is spare and side 
effects are common.     
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    Chapter 17   

 Stimulation of Neurons with Infrared Radiation                     

     Ken     Zhao     ,     Xiaodong     Tan     ,     Hunter     Young     , and     Claus-Peter     Richter       

       Introduction 

 The neurodevice market has been one of the fastest growing sec-
tors in the medical device industry since Medtronic was granted 
FDA clearance and CMS  reimburs  ement for treating Parkinson’s 
disease in the late 1990s. The total worldwide market for neuro-
stimulation devices (neuroprosthetics and neuromodulation) is 
estimated to be $3.1 billion in 2010 and is expected to grow sub-
stantially over the next several years, reaching approximately $10.2 
billion by 2014 (Neuroinsights, Neurotechnology Report 2010). 
Devices that substitute for an impaired part of the nervous system 
make up the neuroprosthetic market, consisting of cochlear 
implants, retinal implants, and motor prostheses. There are over 
100 million candidates worldwide that could benefi t from these 
technologies. However, due to the infancy of this fi eld and the 
limitations from existing stimulation technologies, the market is 
grossly underserved with less than 1 % market penetration. The 
goal for all neuroprostheses is to restore neural function to a 
 condition having the fi delity of a healthy system. However, 
 contemporary neuroprostheses, which use electric current to stim-
ulate neurons, are not able to fully achieve this goal. As determined 
by the electrode confi guration and the electric tissue properties, 
electric current spreads in tissue and consequently does not allow 
precise stimulation of focused neuronal populations. The result is 
an overlap of stimulation fi elds when neighboring electrode con-
tacts are used [ 1 ]. Several strategies have been employed to increase 
the spatial selectivity of  electrical stimulation   (ES) over a conven-
tional monopolar stimulation paradigm. Multipolar electrode 
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confi gurations have been employed to increase the spatial selectiv-
ity of stimulation [ 2 – 5 ] or to introduce virtual channels through 
current steering [ 6 – 9 ]. 

 In cochlear implants, the use of either virtual channels or 
tripolar stimulation only showed marginal improvements in per-
formance [ 7 ]. The limited improvement might be explained by 
the fact that multipolar stimulation and virtual channels did not 
result in an increase in the number of independent channels that 
can be used at the same time [ 7 ,  10 ,  11 ]. Cuff electrodes have 
been successfully used in several chronic animal and human stud-
ies to stimulate motor  neu  rons and the optic nerve [ 12 – 14 ], but 
drawbacks of this method include nerve damage from contact 
with the cuff [ 15 ,  16 ]. Penetrating electrodes also allow for more 
spatially focused stimulation by inserting the stimulating source 
into the nerve tissue. However, by  c  ompromising the structure 
and integrity of the nerve, penetrating electrodes can cause infl am-
mation and edema and, subsequently, impair neural conduction 
[ 17 ,  18 ]. An emerging technology in the fi eld of neural excitation 
is the application of pulsed infrared (IR) light to precisely stimu-
late small populations of neurons. Laser light, of the appropriate 
parameter set, can reliably elicit neural action potentials in a non-
contact manner [ 19 ]. This technology, due to the inherent ability 
to focus light on targets with spot sizes as small as hundreds of 
microns, presents a fundamental paradigm shift in the fi eld of neu-
ral stimulation [ 19 ,  20 ]. Advantages of infrared neural stimulation 
(INS) include no stimulation artifact [ 21 ] and no tissue-electrode 
interface, with  p  ossible toxicity related to the electrode material 
and dependence of effective stimulation upon tissue impedance 
and coupling [ 22 ].  

   Pulsed Lasers for Neural Stimulation 

 The idea to stimulate neurons with a pulsed infrared laser was born 
at Vanderbilt University. The free-electron laser (FEL,  λ  = 2100–
6100 nm) provided the ideal experimental tool to explore the pos-
sibility of stimulating nerves with light [ 19 ]. The selection of the 
initial radiation wavelengths was based on a Fourier transform 
infrared spectroscopy (FTIR) of rat sciatic nerve tissue. The free- 
electron laser was then tuned to deliver radiation at wavelengths 
corresponding to relative  peaks   and valleys based on FTIR mea-
surements (Fig.  1a ). Stimulation and ablation thresholds were 
determined. They varied signifi cantly depending on the wave-
length (Fig.  1b ). Stimulation thresholds were typically below 1 J/
cm 2  at wavelengths corresponding to high soft tissue absorption 
and were above 1 J/cm 2  at low soft tissue absorption. An increas-
ing divergence was noted in stimulation, and ablation thresholds 
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were noted as soft tissue absorption decreased (Fig.  1b ). The great-
est safety ratios were obtained at wavelengths ( λ  = 2100 and 4000 
nm) corresponding to minima in the soft tissue absorption curve. 
Two reasons exist to select 2100 nm over 4000 nm. Firstly, the 
Ho:YAG laser ( λ  = 2120 nm) exists as a radiation source, and sec-
ondly, optical fi bers to couple light at 2100 nm are readily available 
for the experiments. Moreover, small changes in wavelength result 
in signifi cant changes in penetration depth. For example, the 
 Aculight diode lasers   cover wavelength ranges between 1844 and 
1900 nm, which correspond to penetration depths between ~1000 
and 100 nm, respectively.
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  Fig. 1    ( a ) Wavelength dependence of stimulation. Free-electron laser (FEL) was employed to irradiate four dif-
ferent nerves for three trials each at six wavelengths: 2.1, 3.0, 4.0, 4.5, 5.0, and 6.1 μm ( columns , right axis), 
each near a relative peak or valley of water absorption ( solid line , left axis). ( b ) Log-log plot of ablation and 
stimulation radiant exposure thresholds as a function of the water absorption coeffi cient for each wavelength 
(from Wells et al. Application of infrared light for in vivo neural stimulation. J Biomed Opt. 2005;10(6):064003. 
With permission)       
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      Mechanism of Infrared Neural Stimulation 

 Initial experiments have demonstrated that nerves can be stimu-
lated with lasers. In spite of many efforts in clarifying the mecha-
nism behind INS, the steps by  whic  h the absorption of the 
photons results in an action potential are not fully understood. 
Many advances have been made, yet it continues to be a topic of 
controversial debate. This is because laser-tissue interactions are 
complex, as they are determined by both laser parameters and tis-
sue properties. Spot size, radiation wavelength, pulse duration, 
pulse repetition rate, and radiant energy characterize laser param-
eters, while absorption and scattering are important tissue prop-
erties. In general, three basic effects of photon tissue interaction 
are considered: photothermal, photochemical, and photome-
chanical effects. 

   Current evidence supports  photothermal effects   as the mechanism 
behind INS; the absorbed radiant energy is converted to heat, 
which evokes a neural response. Initial work demonstrated that 
neural activation via pulsed infrared light is induced by a thermal 
transient [ 21 ]. To show that the key factor is the temperature tran-
sient, instead of the absolute temperature, a cold saline bath was 
used to vary the temperature of northern leopard frogs between 0 
and 25 °C [ 21 ]. The frog sciatic nerve was stimulated in vivo using 
a Ho:YAG laser coupled to a 600 μm fi ber submerged in the saline 
bath with fi ber tip 0.4 mm from the nerve surface. The results did 
not show any statistically signifi cant changes in the threshold radi-
ant exposure with changes in resting nerve temperature. This indi-
cates that there is no set threshold tissue temperature for initiation 
of action potentials. Similarly, recordings from single vestibular 
nerve fi bers in the toadfi sh demonstrated a lack of afferent  responses 
  to changes in whole organ temperature and persistence of 
IR-evoked responses after the animal’s temperature was lowered 
by 6–7 °C [ 23 ]. 

 The degree of thermal change required to evoke neural 
responses with IR light varies depending on the type of neural tis-
sue being stimulated. Thermal measurements from in vivo 
 stimulation of the rat sciatic nerve demonstrated a minimum sur-
face temperature increase of 6 °C for stimulation [ 21 ]. With regard 
to INS of the auditory nerve, the required thermal transient seems 
to be much lower than for peripheral nerves. Threshold radiant 
exposures for INS of the gerbil auditory nerve were 5 mJ/cm 2 , 
corresponding to a calculated temperature rise of ~0.08 °C [ 24 ]. 

 The importance of  thermal   transients was further highlighted 
by a study demonstrating that heating of the tissue reversibly alters 
the electrical capacitance of the plasma membrane by altering the 

 Photothermal Effects
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ionic double layers around the membrane [ 25 ]. The authors 
demonstrated that the mechanism is highly ubiquitous by using IR 
light to evoke similarly shaped currents in oocytes,  human embry-
onic kidney (HEK) cells  , and an artifi cial 1:1 phosphatidylethanol-
amine and phosphatidylcholine bilayer. Larger radiant energies 
yielded greater capacitance changes. After IR stimulation, the 
increases in capacitance decayed on a timescale of 100–200 ms, 
consistent with the rate of thermal relaxation in water. These fi nd-
ings are supported by a recent study, with initial results showing 
that pulsed IR radiation rapidly alters the capacitance of the mem-
brane through charge redistribution and evokes mitochondrial 
Ca 2+  currents [ 26 ]. A recent computational model by Peterson 
et al. suggests that capacitive changes are unlikely to be the sole 
mechanism underlying INS, as the model’s determined thresholds 
of activation were higher than capacitance changes observed in 
previous work [ 27 ]. Their parameter space consisted of beam 
diameter, pulse width, and dependence on illuminating nodes of 
Ranvier, yet their lowest membrane capacitive change required to 
elicit activation (15 %) was still twice the magnitude of those values 
reported by Shapiro et al. (2–8 %). 

 An alternative proposed photothermal mechanism involved in 
INS is the activation of heat-sensitive ion channels. These channels 
are the transient receptor potential (vanilloid) or TRPV channels 
[ 28 ]. The best-known example is TRPV1, which is activated by 
capsaicin, the compound in chili peppers, which produces a burn-
ing sensation [ 29 ]. TRPV1 is expressed  in   small diameter neurons 
within sensory ganglia and is also stimulated by acid (pH ≤ 5.9), 
noxious heat (>43 °C), and other vanilloid compounds. TRPV 
channels have also been identifi ed in the sciatic nerve, the dorsal 
root and trigeminal ganglia of rats [ 29 ],  cochlea  r structures of the 
rat, guinea pig and mice [ 30 – 32 ], and vestibular neurons of mice 
and rats [ 33 ]. 

 Activation of TRPV channels  with   IR light has been demon-
strated to be highly dependent upon extracellular calcium infl ux in 
TRPV1 and TRPV4 channels. Rhee et al. isolated inferior ganglia 
neurons expressing TRPV1, a nonselective cation channel, from 
the rat vagus nerve [ 34 ]. Using radiation at  λ  = 1850 nm from a 
diode laser, which was delivered through 200 μm silica fi ber, they 
successfully elicited transient rises in intracellular calcium concen-
tration with brief 2 ms pulses. Signifi cantly diminished responses 
were observed in the absence of extracellular calcium or upon 
application of capsazepine, a TRPV1 blocker, demonstrating the 
integral role of extracellular calcium and the TRPV1 channel. The 
role of TRPV1 was supported by another study which observed 
that the auditory nerve of most TRPV1 knockout mice could not 
be stimulated with infrared laser, while all control animals were 
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successfully stimulated [ 32 ]. In isolated retinal ganglion cells from 
mice and in vestibular ganglion cells from rats, IR radiation at 
1875 nm from a pulsed diode laser was delivered via a 105 μm fi ber 
and successfully generated transient membrane potential variations 
in sensory neurons with 7–10 ms pulses [ 33 ]. These  laser-evoked 
neuronal voltage variations (LEVVs)   typically consisted of an ini-
tial humplike depolarization, on top of which a spike component 
occurred. Application of TTX, a blocker of voltage-gated sodium 
channels, abolished the spike component, while application of 
Ni/Cd solution, a blocker of voltage-gated calcium channels, 
diminished the initial humplike component and prevented the 
sodium- based spike. This suggests that the IR-evoked action 
 pot  ential is triggered by an initial calcium infl ux as represented by 
the humplike component. Unlike the experiments in the rat vagus 
by Rhee et al., capsazepine had no effect on LEVVs. However, 
application of RN 1734, a TRPV4 channel blocker, prevented 
induction of LEVVs in both the mice retinal and rat vestibular 
ganglion cells [ 33 ]. 

 In contrast to the thermal transient driving the general electro-
static mechanism, it seems that absolute temperature is required 
for activation of TRPV channels. Bec and coworkers [ 35 ] per-
formed a follow-up study to Albert et al. [ 33 ], in which they stim-
ulated mice retinal and rat vestibular ganglion cells. Although the 
threshold radiant energy for stimulation varied depending on 
parameters such as pulse duration and wavelength, generation of 
action potentials consistently corresponded with a temperature rise 
to 55–60 °C. According to the authors, irradiation of the neurons 
did not result in tissue damage. 

 In contrast to the studies described above, Katz et al. [ 36 ] 
found evidence against activation of TRPV channels with  I  R 
light. In more than 85 % of the rat dorsal root and nodose gan-
glia, INS evoked depolarizations lasting for hundreds of millisec-
onds [ 36 ]. This is not consistent with stimulation of TRPV1 
channels, because TRPV1 expression has been observed in only 
32 % of cutaneous dorsal root ganglion neurons in rats [ 37 ] and 
less than 38 % of nodose neurons in mice [ 38 ]. Furthermore, the 
broad range of observed reversal potential values (−20 to −55 
mV) does not correspond to those for nonselective cation chan-
nels such as the TRPV receptors (reversal potential should be 
approximately 0 mV). The range of reversal potentials suggests 
that IR produces depolarization through interactions with more 
than one ionic channel.  

   A photochemical interaction occurs when a molecular chromo-
phore absorbs a photon and converts it to chemical energy. The 
chromophore may be endogenous, such as amino acids, peptides, 
and pigments or may be exogenous molecules introduced into the 

 Photochemical Effects
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tissue. This concept was demonstrated by Farber and Grinvald [ 39 ]. 
They synthesized a photosensitive  dye   that bound to the nerve 
membrane. Neurons stained with the compound could be revers-
ibly depolarized by irradiation with a He-Ne laser ( λ  = 632.8 nm, 
 P  = 11 mW) [ 39 ]. Production of oxygen free radicals at the mem-
brane was thought to drive depolarization and cause irreversible 
photochemical damage to neural tissue. 

 Neural activation through a photochemical reaction can also 
occur through a “caged” molecule that is released upon activa-
tion. These are molecules that were rendered inert by chemically 
modifying the structure of the bioactive molecule, typically the 
addition of nitrobenzyl groups. Irradiation transforms and/or 
cleaves the caged molecule to restore the biological activity. These 
activated molecules can be agonists or antagonists. In this manner, 
the photolysis of caged molecules is a method for utilization of 
light to switch biological processes on or off.  Glutamat  e is com-
monly used as the caged bioactive molecule because of its ability 
to stimulate virtually every mammalian CNS neuron. Many inves-
tigators have taken advantage of photolabile neurotransmitter 
precursors in their research, especially for the study of cortical 
circuitry [ 40 ,  41 ]. It should be noted that investigators used lasers 
delivering low wavelength ( λ  < 510 nm) optical radiation to 
uncaged glutamate [ 42 – 44 ]. 

 It is unlikely that pulsed, mid-infrared lasers, such as the FEL 
( λ  = 2100–6100 nm), Ho:YAG ( λ  = 2120 nm), or Aculight diode 
lasers ( λ  ≈ 1860 nm), can evoke neural responses via a photochemi-
cal reaction. The photon energies emitted by these lasers are sig-
nifi cantly lower than the energies required to move an electron to 
the excited state, as is needed for a photochemical reaction. For 
example, the energy in individual  photons   from the Ho:YAG is 
~0.58 eV, corresponding to ~56 kJ/mol bond energy. Typical 
bond energies are larger, in the range of 100–1000 kJ/mol.  

   Photomechanical reactions, such as laser-induced pressure waves 
from rapid heating and volumetric thermal expansion, were consid-
ered as a mechanism for  stimula  tion. This view was investigated by 
measuring cell surface displacement attributable to heat-induced 
volumetric expansion using differential phase optical coherence 
tomography [ 21 ]. The surface displacement near stimulation 
threshold (0.4 J/cm 2 ) was measured to be 300 nm, and the precise 
relationship between the amplitude and duration of pressure tran-
sients secondary to temperature changes from pulsed laser irradia-
tion was obtained. A piezoelectric probe was created to indent the 
surface of the cells, with which volumetric stress waves can be elic-
ited without induction of laser temperature effects. A variety of 
mechanical pulses with amplitudes up to 9 μm, 30 times those mea-
sured for the optical nerve stimulation threshold, were delivered. 

 Photomechanical 
Effects
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They found no evidence that pressure transients were able to 
initiate action potentials, concluding that the effect of volumetric 
stress is trivial. 

 With regard to INS of the cochlea, it has been demonstrated 
that the rapid heating of a small volume in front of the optical fi ber 
results in optophonic events as expansion and stress relaxation 
occur. In a study by Teudt et al. [ 45 ], the Capella diode laser 
( λ  = 1850 nm)  gener  ated an optophonic click up to a maximum of 
62 dB SPL close to the 200 μm optical fi ber’s tip in air. This 
recorded pressure wave was most likely generated by the absorp-
tion of laser radiation in water vapor. Since the  cochlea   is fi lled by 
endo- and perilymph, measurements in a swimming pool were 
obtained to determine to what extent the laser-induced sound 
waves exist in water. Maximum radiant exposures of 0.35 J/cm 2 , 
achieved with the laser at 100 μs pulse durations, generated a pres-
sure of 31 mPa in water. This pressure corresponds to 89.8 dB 
(reference 1 μPa) and 63.8 dB SPL (reference 20 μPa). Note that 
the stimulation threshold for INS in the cochlea is about 0.01 J/cm 2 , 
which is about 30 times smaller. Nevertheless, it is possible that 
this acoustic event is contributing to measured compound action 
potential (CAP) amplitudes during INS of the auditory nerve. 
Experiments that directly measure the intracochlear pressure dur-
ing INS are necessary. 

 Whether optophonic events are of signifi cant impact during 
infrared laser stimulation of the cochlea is a subject of much 
debate. It has been argued that the energy required for a primary 
photomechanical mechanism is much higher than that used for 
INS [ 21 ,  46 ]. Valid arguments also include that the parameter 
space of INS is outside of stress confi nement. Stress confi nement 
occurs when the optical energy accumulates in the tissue before a 
laser-induced stress wave can propagate out of the irradiated area. 
On the other hand, work by [ 47 ] convincingly indicates that 
optophonic stimulation  of   hair cells is the dominating mechanism 
for  cochlea  r INS. They successfully elicited auditory CAPs in 
normal- hearing guinea pigs using an optical parametric oscillator 
delivering pulses of laser light,  λ  = 420–2150 nm [ 47 ]. However, 
CAP responses were drastically diminished in guinea pigs that 
underwent hair cell abolishment by acute deafening with 
 intra cochlea  r neomycin. Furthermore, a report from [ 48 ] also 
showed when INS was used to stimulate the cochlear nucleus, the 
evoked auditory brainstem responses were signifi cantly reduced 
by cutting the auditory nerve, suggesting that it is merely an 
acoustic events stimulating the cochlea. In addition, results by 
Baumhoff et al. [ 49 ] suggest that INS in the cochlea is domi-
nated by a direct stimulation of remaining hair cells. The discrep-
ancies are not completely resolved at this point [ 49 ].   
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   Target Tissues for INS 

   Inspired by experiments by Wells and coworkers, acute in vivo 
experiments were conducted in gerbils to demonstrate that optically 
evoked CAPs could be obtained from the  auditory nerve   [ 46 ]. 
Stimulation was spatially selective, fast enough to encode acoustic 
information, and sustainable over extended periods of time. 

 Normal-hearing and deafened animals were stimulated with 
different laser models, the Ho:YAG laser ( λ  = 2120 nm) and several 
Aculight diode lasers ( λ  = 1844–1873, 1920–1940 nm). The lasers 
were coupled to optical fi bers, 100–200 μm in diameter, and were 
inserted at the basal turn of the  cochlea   through the cochleostomy. 
Optically evoked CAPs were qualitatively similar to acoustically 
evoked CAPs. Note that responses from INS lack cochlear micro-
phonics, the electrical potentials generated by hair cells in response 
to an acoustic stimulus (Fig.  2 ). In spite of drastically reduced 
acoustically evoked CAP amplitudes following deafening proce-
dures, the optically evoked responses remained largely intact in 
acutely deafened animals and were reduced in chronically deaf ani-
mals. Histology revealed a lack of inner and outer hair cells and 
greatly reduced spiral ganglion cell density in chronically deafened 
cochleae [ 50 ]. The reduction in spiral ganglion cell density is pre-
sumed to be the driving factor behind the diminished optically 
evoked CAPs.

    Selectivity   Several approaches have been used to demonstrate 
that INS is spatially selective. The methods used are (1) immuno-
histochemical staining for c-FOS protein, (2) spatial tuning curves, 
which were constructed from neural responses in the ICC obtained 
with multichannel recordings, and (3) tone-on-light masking tun-
ing curves.  c-fos  is a gene expressed in neuronal cells in response to 
membrane electrical signals, and its protein provides a cellular 
method to label activated neurons [ 51 ,  52 ]. To activate c-FOS 
expression, gerbil  cochlea  e were stimulated optically using a 
Ho:YAG laser ( λ  = 2120 nm) coupled to a 100 μm optic fi ber 
directed at the basal turn of the cochlea, electrically with electrodes 
inserted into the basal turn of the cochlea, or acoustically with tone 
pips. Poststimulation cochlear sections were prepared with immu-
nohistochemical stains for c-FOS, and expression was demon-
strated in spiral ganglion cells in response to optic, electric, and 
acoustic stimuli. Laser stimulation resulted in c-FOS expression 
primarily in tissue directly in the beam path (Fig.  3 ), whereas 
electrically stimulated cochleae expressed c-FOS in all turns of the 
cochlea throughout every tissue section examined (Fig.  4 ).

     A study in guinea pigs demonstrated the spatial selectivity 
of INS by recording neural activity in the inferior colliculus while 
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  Fig. 2    Acoustically and optically evoked action potentials. ( a ,  b ) CAPs evoked from two acoustic click 
stimuli (81 dB SPL peak pressure), presented 180° out of phase, are shown. Note the presence of the 
cochlear microphonic as indicated by the  arrow . This inverts when clicks are presented in opposite phase.
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  Fig. 3    c-FOS staining of representative optically stimulated cochleae indicates that the only cells stimulated 
were those directly in the optical path. ( a ,  b ) When the optical fi ber is inserted through the round window and 
directed parallel to the modiolus, the optical path interacts with the upper base and upper middle turn. The 
amount of staining in the upper base was larger than in the upper middle. There was no staining evident at 
other turns in the cochlea. ( c ) Note the orientation of the optical fi ber as shown by the  gray arrow. Filled circles  
indicate where c-FOS staining was observed, with the size of the circle indicating the percent of stimulated 
cells (from Izzo et al. Selectivity of neural stimulation in the auditory system: a comparison of optic and electric 
stimuli. J Biomed Opt. 2007;12(2):021008. With permission)       

  Fig. 4    c-FOS staining of representative electrically stimulated cochleae reveals staining throughout every 
tissue section across every turn. ( a ) In this electrically stimulated cochlea, a local maximum of stimulation is 
seen in the upper middle turn, with a signifi cant amount of staining more basally from this maximum as well 
as in the apex. ( b ) A local maximum of c-FOS staining is seen in the base of the cochlea as well as one full turn 
higher. There seems to be spread of neural excitation from the middle of the cochlea toward both the apical 
and basal directions.  Filled circles  indicate where c-FOS staining was observed, with the size of the circle 
indicating the percent of stimulated cells (from Izzo et al. Selectivity of neural stimulation in the auditory system: 
a comparison of optic and electric stimuli. J Biomed Opt. 2007;12(2):021008. With permission)       

Fig. 2 (continued) ( c ) A representative optical stimulation CAP with 0.06 J/cm 2  obtained from the same animal 
as ( a ,  b ). There is no cochlear microphonic present in the optical CAP. Noise seen from 6 to 20 ms in the optical 
CAP trace is electrical noise from the laser power supply (from Izzo et al. Laser stimulation of the auditory nerve. 
Laser Surg Med. 2006;38(8):745–53. With permission)       
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stimulating the cochlea with pure tone stimuli and with laser pulses 
[ 53 ]. Responses were obtained from  hearing   and acutely deafened 
animals with intracochlear neomycin injection. Neural activity was 
recorded with a 16-channel penetrating electrode array from neu-
rons in the central nucleus of the inferior colliculus (ICC) and was 
used to generate  spatial tuning curves (STCs).   The average width 
for pure tone-evoked STCs was 383 ± 131 μm and for optically 
evoked STCs was 357 ± 206 μm. The width of the response mea-
sured in the ICC for optical stimulation was similar to, and in some 
cases narrower than, the width measured for pure tone stimula-
tion. Narrower widths indicate better spatial selectivity and suggest 
the possibility of an increased number of perceptual channels with 
 cochlear implants   based on optical stimulation. In our latest 
unpublished study in guinea pigs, the population of single units 
recorded in the ICC that responded to INS with a single tungsten 
electrode were limited to a range of ~600 μm along the iso- 
frequency contours of the ICC. This distance corresponds to a 
frequency range of 0.6 octaves. The results confi rmed spatial selec-
tivity in response to INS. 

 In another approach, the response to INS in the cochlea was 
masked acoustically. Masking refers to the ability of a pure tone, 
presented simultaneously or shortly after a probe stimulus (here, a 
laser pulse), to reduce the response evoked by the probe stimulus 
alone. Pure tone masker levels to reduce the response to INS were 
plotted versus the stimulus frequency of the masker tone. The 
resultant  masking tuning curves (MTC)   can then be quantitatively 
analyzed based on parameters illustrated in Fig.  5 , such as the best 
frequency, Q 10 dB  ratio, tip-to-tail ratio, and slope of the high- 
frequency side. The resulting tone-on-light MTCs were qualita-
tively and quantitatively similar to the tone-on-tone MTCs [ 54 ]. 
This demonstrates that optical stimulation was stimulating a con-
fi ned area similar to a fi xed frequency tone. The best frequencies 
also adjusted appropriately when the optical fi ber was moved; a 
1 mm shift of the optical fi ber toward the cochlear base yielded a 
best frequency shift from 5.3 to 10.8 kHz. This was expected, con-
sidering that high-frequency sounds are detected at the cochlear 
base, while lower frequency sounds are detected at the apex. This 
demonstrates that optical fi ber orientation determines the location 
of stimulation and thus the frequency.

    Laser parameter   It is important to optimize the parameter space 
of INS for stimulation of the auditory nerve to reduce the energy 
and heat load  de  livered at the site of stimulation. Results show that 
the radiant exposure required to stimulate gerbil spiral ganglion 
cells increases as pulse duration increases [ 55 ]. For example, the 
stimulation threshold required to evoke a 50 μV CAP was 5.29 ± 0.6 
mJ/cm 2  at 35 μs pulse duration and 58.38 mJ/cm 2  at 1 ms [ 55 ]. 
Interestingly, when the stimulation level data was calculated in 
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terms of peak optical power, it revealed a constant peak power 
across all pulse durations, except for at the shortest pulse duration 
of 35 μs, in which the peak power increased. This suggests that the 
time over which energy is deposited is more impactful than total 
energy deposition for auditory nerve INS, an observation fi tting 
with the thermal transient mechanism. A follow-up study, utilizing 
pulse durations as low as 5 μs, found that the radiant exposure 
required to evoke a CAP of equal magnitude was the same for the 
5, 10, and 30 μs pulses [ 24 ], suggesting that at lower pulse dura-
tions, total energy is the driving INS.  

 The effect of varying wavelength is largely a result of the opti-
cal penetration depth ( OPD  ). OPD is defi ned as the distance over 
which the incident light is reduced in magnitude by 1/ e  and is a 
function of the absorption coeffi cient of the tissue. Since the 
cochlea is fi lled by endo- and perilymph, optical properties derived 
from the study of mid-infrared lasers and water can be applied 
[ 56 ]. From  λ  = 1840 to 1880 nm, where the OPD is inversely pro-
portional to wavelength, evoked CAPs increased substantially over 
the initial 300 μm increase in OPD [ 55 ]. However, further increases 
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  Fig. 5    Representative tone-on-tone masking tuning curve (MTC) with calculations for data analysis. This tone-
on-tone MTC shows the best frequency (tip of the tuning curve) and the sharpness of tuning, Q 10 dB , which was 
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in OPD yielded only slight increases in CAP amplitude. This cor-
responds well with the approximate length of the optical path 
through the spiral ganglion cell population in the upper basal turn 
of the gerbil cochlea (~250 μm). Further increases in OPD likely 
resulted in irradiation of nonneural tissue, explaining the satura-
tion in response. 

 More recently, the effect of pulse shape on response to INS has 
been established. Initial work was done in gerbils using a diode 
laser ( λ  = 1860 nm) delivering square, triangle, ramp-up, and ramp- 
down pulse shapes of peak powers from 80 to 1500 mW. At the 
lower peak powers of 80 and 160 mW, square pulses evoked CAPs 
with signifi cantly greater amplitude than the other shapes [ 57 ]. 
For instance, average CAP amplitude for the square pulse was 47 
μV at 80 mW peak power, while the average results for the other 
shapes fell between 6 and 12 μV at 80 mW peak power. These 
results suggest that square pulses are the most effi cient stimulus. 
Unpublished results from INS of the cat cochlea with the same 
various pulse shapes demonstrated that, at shorter pulse durations 
of less than 100–150 μs, square pulses required less peak power 
than other shapes to reach threshold CAP amplitudes. No major 
differences in peak powers were observed for the pulse shapes at 
larger pulse durations. These results are consistent with total 
energy deposition being  t  he driving factor for INS at shorter pulse 
durations, because, due to geometric considerations, square pulses 
deliver at least double the radiant energy of the triangle, ramp-up, 
and ramp-down pulses at any given peak power and pulse duration. 
Interestingly, results from cat cochleae show that CAP amplitudes 
from triangle pulse shapes saturate at signifi cantly lower CAP 
amplitudes as radiant energy is increased when compared to the 
other shapes (Fig.  6 ). Further investigation is required to explain 
this fi nding.

    Safety   Several studies were conducted using a  cochlea   model to 
demonstrate safety of INS. Tissue damage, caused by transient tem-
perature increases and accumulation of thermal energy as a result of 
laser pulses, is the primary concern. The fi rst safety studies were 
done by Izzo et al. using the gerbil cochlea [ 46 ,  55 ]. The cochleae 
were continuously stimulated with a Ho:YAG ( λ  = 2120 nm;  τ  p  = 250 
μs;  f  = 2 Hz,  Q  = 0.06 J/cm 2 ) or a diode laser ( λ  = 1870 nm,  τ  p  = 35 
μs;  f  = 13 Hz,  Q  = 0.01 J/cm 2 ) for 6 h. If neurons were damaged by 
the optical stimulation, a decrease in the CAP amplitude would be 
expected. The CAP amplitude remained stable during continual 
stimulation, indicating no damage was infl icted by IR stimulation.  

 A follow-up study characterizing damage thresholds was per-
formed in the guinea pig animal model [ 58 ]. Optical stimulation 
was delivered by a diode laser ( λ  = 1869 nm) operated at 100 μs pulse 
duration, 250 Hz repetition rate, and delivering 0–127 μJ/pulse 
[ 58 ]. The cochleae were stimulated continuously for up to 5 h. 
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No cochlear damage, defi ned as decrease in CAP amplitude of greater 
than 25 % compared to baseline, was observed when the radiant 
energy was 25 μJ/pulse or lower. The likelihood for damage rose as 
radiant energy increased past 25 μJ/pulse, with almost 100 % likeli-
hood at 80 μJ/pulse. It should be noted that the 250 Hz repetition 
rate used in this study is far greater than necessary for stimulation. 

 Recently, a long-term study of chronic cochlear INS was con-
ducted in normal-hearing cats. The animals were chronically 
implanted with an optical fi ber coupled to a battery-powered laser 
operated at parameters of 1850 nm wavelength, 100 μs pulse dura-
tion, 200 Hz repetition rate, and 12 μJ/pulse radiation energy 
[ 59 ]. Chronic stimulation was delivered for 4–8 h/day for up to 
30 days. Optically evoked  auditory brainstem responses (ABRs)   
were successfully attained postoperatively and 2 weeks into chronic 
stimulation, indicating that the brain received neural input from 
INS of spiral ganglion neurons. Shortly after activation of stimula-
tion, the animals displayed an increase in head turning and ambula-
tion toward the implanted side, suggesting ipsilateral perception of 
sound (Fig.  7 ). Electrophysiological recordings from gerbils, guinea 
pigs, and cats, as well as the behavior of the cats after activation of a 
chronically implanted device, provide evidence that stimulation of 
INS is possible and results in an auditory percept.
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  Fig. 6    Representative CAPs from a cat cochlea stimulated with various pulse 
shapes of varying pulse duration and radiant energy. Triangle pulses saturated at 
signifi cantly lower CAP amplitude than the other shapes, with triangle pulses of 
greater pulse duration saturating at a relatively lower amplitude.  Red ,  green , 
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longest and shortest pulse durations of a pulse shape, respectively. In general, 
 lines  toward the  right  represent greater pulse durations. Range of pulse dura-
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      At present, it is not possible to directly stimulate the vestibular 
nerve. Responses from the vestibular nerve resulted from INS of 
vestibular hair cells. INS of the  vestibu  lar system has been investi-
gated as a means to overcome the spread of electric current. 
Electrical stimuli and optical radiation at 1840 nm wavelength 
( τ  p  = 10 μs–1 ms) were delivered to the guinea pig VIIIth nerve, 
directed at the superior branch of the vestibular nerve, or the 
ampullae of the superior and lateral semicircular canals [ 60 ]. Both 
stimuli were effective at evoking CAPs from the VIIIth nerve. 
Optical power levels as low as 200 mW produced evoked poten-
tials. The response amplitudes increased with increasing peak 
power but remained relatively constant as pulse duration was 
decreased from 1 ms to 200 μs. In contrast to  electrical stimula-
tion  , optical stimulation of the ampullae did not evoke detectable 
eye movements. In a different set of experiments, Bradley stimu-
lated Scarpa’s ganglion in gerbils with diode lasers ( λ  = 1844–1877 
nm;  τ  p  = 5 μs–1 ms;  f  = 2–1000 Hz,  Q  = 0–127 μJ/pulse) while 
recording neural activity from single vestibular nerve fi bers. INS 
did not result in detectable changes of single fi ber activities. 

 The effects of INS have also been studied in single vestibular 
nerves [ 23 ,  61 ,  62 ]. In the toadfi sh,  Opsanus tau , single-unit 
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semicircular canal afferent responses were recorded from the lateral 
canal branch of the VIIIth nerve during irradiation of the lateral 
canal sensory epithelium with IR light ( λ  = 1862 nm). The recorded 
afferents exhibited excitatory, inhibitory, or mixed responses. 
Excitatory neurons increased their fi ring rate, and inhibitory neurons 
decreased their fi ring rate. The mixed response ( n  = 7) comprised 
of an onset inhibitory response followed by an excitatory phase 
with tonic stimulation. The time course for the excitatory phase of 
the mixed units was similar to that of the excitatory afferents. 
Sinusoidal mechanical indentation of the lateral semicircular canal 
limb (to simulate head turning) with a glass rod attached to a 
piezoelectric actuator and servo controller was delivered alone and 
then concurrently with IR light to determine how INS affects 
physiological stimuli. Sinusoidal mechanical stimulation by itself 
yielded a sinusoidal fi ring pattern. Once IR light was added, a 
phase advance was observed for both excitatory and inhibitory 
neurons. However, inhibitory afferents generally displayed greater 
phase advance. The excitatory versus inhibitory afferent responses 
may correlate with the dynamic adaptive properties of afferent 
responses observed during mechanical stimulation [ 63 ]. Highly 
phase-advanced afferent responses are absent in mammalian semi-
circular canals, but present in toadfi sh due to convergent inhibi-
tory (GABA) and excitatory (glutamate) synaptic input from hair 
cells that ultimately shape the afferent discharge response [ 64 ,  65 ]. 
Data from those studies indicated that afferents receiving only glu-
tamatergic inputs may increase their discharge rate with INS. This 
is consistent with depolarization of hair cells and increased tonic 
release of glutamate. On the other hand, afferents that synapse on 
combinations of glutamatergic and GABAergic hair cells were 
observed to reduce their discharge rate with INS. 

 The results obtained in the toadfi sh have been confi rmed in 
the chinchilla [ 66 ]. Since these single-unit responses included a 
mix of large excitatory, inhibitory, and mixed responses from canal 
afferents, it is unclear whether infrared stimulation can evoke sig-
nifi cant vestibulo-ocular refl ex ( VOR  ) eye movement responses. 
Experiments were conducted to test whether a robust VOR can be 
evoked with INS. Initial results of INS ( λ  = 1870 nm;  τ  p  = 200–350 
μs,  f  = 200–400 Hz) in the chinchilla demonstrated eye movements 
during IR stimulation in about 50 % of the animals [ 66 ]. 

 Despite the fact that studies show responses to INS in vestibular 
nerve fi bers, no study has yet demonstrated direct stimulation of 
the nerve, selectivity of the stimulation, or robust VORs.  

   Damage to the facial nerve is a serious complication of head and 
neck surgery. Surgeons in the United States commonly employ 
facial nerve monitoring in an effort to prevent inadvertent damage. 
Contemporary cranial nerve monitors inject current into tissue to 
stimulate the  ner  ve. The resulting current spread and unselective 
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stimulation of the nerve can lead to “false responses.” For instance, 
a severed facial nerve may still be stimulated distally from the site 
of transection by current spread through surrounding tissue [ 67 ]. 
Furthermore, the physical contact required of a stimulation probe 
may also damage nerve function. Optical stimulation may offer a 
spatially precise, non-contact method of stimulation. A study by 
Teudt et al. demonstrated INS of the facial nerve. A Ho:YAG 
( λ  = 2120 nm) laser was coupled to a 600 μm fi ber, which delivered 
radiation to the dissected facial nerve trunk and branches of gerbils 
[ 20 ]. Stimulation with an electrode was done for comparison. 
Compound muscle action potentials (CmAPs) were successfully 
recorded at three facial muscles (m. orbicularis oculi, m. levator 
nasolabialis, and m. orbicularis oris) following radiant exposures of 
0.71–1.77 J/cm 2  at the nerve trunk or branches, demonstrating 
successful INS. Spatial selectivity was demonstrated by stimulation 
of individual nerve bundles within the main trunk when the radial 
location of the stimulation site was varied (Fig.  8 ). This could not be 
reproduced with  electrical stimulation   of the nerve. INS of the facial 
nerve could be performed safely with a safety ratio of approximately 
2.6 for stimulation with the Ho:YAG laser. Threshold radiant expo-
sures for INS were approximately 0.71 and 0.88 J/cm 2  for the facial 
nerve trunk and branches, respectively. Histologic evidence of optic 
nerve damage, such as carbonization and disruption within nerve 
tissue, occurred above radiant exposures of 2.0 J/cm 2 .

      The close proximity of the cavernous nerves to the prostate puts 
them at signifi cant risk of injury during dissection and resection of 
the prostate gland. Damage to the  c  avernous nerves can impair a 
man’s ability to achieve spontaneous erections. Unfortunately, the 
microscopic nature of these nerves makes them diffi cult to locate 
and identify [ 68 ]. Conventional  electrical stimulation   underlies 
intraoperative nerve-mapping devices used to assist in the preserva-
tion of the cavernous nerve during prostatectomy. Results from 
these mapping devices have been shown to correlate poorly with 
precise anatomical location and poorly predict postsurgical out-
comes [ 69 ,  70 ]. Optical nerve stimulation may present a potential 
intraoperative technique to aid nerve sparing in prostate surgery. 

 Successful optical  stimul  ation of the cavernous nerve with a 
continuous-wave (cw) thulium fi ber laser ( λ  = 1870 nm) was con-
fi rmed by intracavernosal pressure (ICP) measurements [ 68 ,  71 ]. 
ICP responses similar in shape and duration to conventional  elec-
trical stimulation   were obtained at radiation wavelengths of 1860–
1870 nm, 10 and 100 Hz pulse repetition rates, and pulse energies 
greater than 2.7 mJ/pulse [ 72 ]. Thermal imaging showed that 
ICP response time was closely correlated to the amount of time 
necessary to heat neural tissue to a threshold temperature of 
approximately 43 °C, with cw irradiation producing the most rapid 
temperature gains. 

 Cavernous Nerves
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  Fig. 8    Compound muscle action potentials ( CmAPs  ) measured in three facial muscles. CmAP response 
evoked by an electrical stimulus (70 μA) on facial nerve trunk ( left column ). CmAP responses after optical 
radiation (0.88 J/cm 2 ) at the same stimulation site as for electrical stimulation ( four right columns ). Both 
CmAPs are an average of ten recordings. After the fi rst recording (nerve center), the optical fi ber was moved 
by 50 μm steps radially away from the nerve center, and additional measurements were performed. Note the 
isolated maximal response of the m. levator nasolabialis after moving the fi ber 50 μm from the initial nerve 
center (from Teudt et al. Optical stimulation of the facial nerve: a new monitoring technique? Laryngoscope. 
2007;117(9):1641–7. With permission)       
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 The importance of the wavelength and the optical penetration 
depth of the ability for stimulation has been shown. Human cav-
ernous nerves lie beneath the fascia, whereas rat cavernous nerves 
lie on the prostate surface. An optical radiation-based cavernous 
nerve stimulator must be able to deliver suffi cient energy through 
a thin fascial layer. A diode laser, which was operated in cw mode, 
was used to stimulate the rat cavernous nerve with radiation at a 
wavelength of 1490 nm and power from 20 to 80 mW [ 73 ]. 
Testicular fascia layers of variable thickness (150–600 μm) were 
transplanted over the rat cavernous nerve. The required power for 
stimulation threshold increased as the fascia layer thickness was 
increased, from 40 mW at 150–160 μm to 53 mW at 360–380 μm. 
No ICP response was recorded at a thickness of 500–600 μm. 
This is not surprising given the thickness of the cavernous nerve 
(~200 μm) and the optical penetration depth (520 μm) in water 
for laser radiation at a wavelength of 1490 nm [ 74 ]. The results 
were compared to data from a previous study utilizing wavelengths 
of 1455 and 1550 nm, corresponding to optical penetration depths 
in water of 344 and 935 μm, respectively (Table  1 ) [ 75 ]. It has 
been observed that wavelengths corresponding to longer optical 
 penetration depths are capable of stimulating through thicker 
fascial layers, but require greater input of power for stimulation. 
This suggests that penetration depths that are too deep are less 
effi cient because energy deposition is not focused on the neural 
tissue, illustrating the importance of selecting an appropriate wave-
length for optical stimulation.

   Concerns regarding potential thermal damage led to a recent 
follow-up study, in which the effi cacy of a prototype 

   Table 1 
  Comparison of surface and subsurface optical nerve stimulation threshold parameters for rat 
cavernous nerves as a function of laser wavelength   

 Laser wavelength (nm)  1455  1490  1550 

 Absorption coeffi cient in water (cm −1 )  29.1  19.3  10.7 

 OPD in water (μm)  344  518  935 

 Power-to-surface stimulation (mW)  28.3 ± 5.2  38.8 ± 5.2  55.0 ± 4.1 

 Threshold IPC response time (s)  12.7 ± 1.0  12.6 ± 1.4  13.6 ± 1.6 

 Fascia thickness (μm)  100–110  360–380  420–450 

 Power-to-subsurface stimulation (mW)  45  53  80 

 Threshold IPC response time (s)  13.7 ± 0.7  10.4 ± 1.8  13.1 ± 0.5 

 Sample size ( N )  9  8  8 

   ICP  intracavernous pressure,  OPD  optical penetration depth 
 From Tozburun et al. Continuous-wave infrared subsurface optical stimulation of the rat prostate cavernous nerves 
using a 1490-nm diode laser. Urology. 2013;82(4):969–73. With permission  
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 temperature- controlled optical nerve stimulation (TC-ONS) system   
was tested. The TC-ONS system was composed of three main com-
ponents: a single-mode fi ber laser ( λ  = 1455 nm, continuous-wave 
irradiation) with a mechanical shutter, a laparoscopic laser probe, 
and a radiometer with a temperature feedback control system [ 76 ]. 
During stimulation, the mechanical shutter would rapidly open and 
close, maintaining the temperature within ±1 °C from a predeter-
mined set point, in response to temperature feedback from the IR 
sensor. The TC-ONS system successfully maintained temperatures 
within ±1 °C of the set point (42–48 °C), even when laser powers 
were increased from 79 to 94 mW. The study demonstrated that the 
prototype TC-ONS was capable of maintaining a constant and pre-
cise nerve temperature suitable for safe INS.  

   Successful application of INS in the brain could impact numerous 
clinical applications, including cortical mapping during cranioto-
mies, tumor resection, and deep brain stimulation. Cayce et al. 
demonstrated that IR light could successfully stimulate cortical 
brain structures, however resulting in neuronal inhibition. A diode 
laser ( λ  = 1875 nm) was coupled to a 400 μm optical fi ber and 
delivered radiation to the forepaw and barrel fi elds of the rat 
somatosensory cortex [ 77 ]. Intrinsic  signal   optical imaging was 
performed using a CCD camera to detect effects on neural activ-
ity. Recordings were done with tungsten microelectrodes. The 
optical intrinsic signals induced by INS were found to correspond 
to focal regions of activation, approximately 1.5–2 mm in diame-
ter, demonstrating high spatial selectivity. The magnitude of 
evoked optical intrinsic signals was positively correlated with rep-
etition rate and radiation energy. The optical responses induced in 
the somatosensory cortex were similar to those obtained with 
natural tactile stimulation, indicating successful neuronal stimula-
tion. Electrophysiological measurements of neurons revealed that 
INS led to a reduction in fi ring rate, lasting for approximately 
1.5–2.0 s that was followed by a return to baseline levels. This is 
the fi rst example of INS causing inhibition, whereas INS resulted 
in neuronal excitation in studies involving peripheral and cranial 
nerves. This unusual effect could have been caused by excitation 
of inhibitory neurons in the superfi cial layers of the cortex. Normal 
neuronal tactile responses remained intact even after repeated pre-
sentation of INS for greater than 2 h, indicating that INS does not 
damage the cortex, which would impair neuronal activity. This 
study demonstrates that INS can be safely used to modulate neu-
ronal activation in vivo. 

 A similar study demonstrated effi cacy of INS in the primary 
visual cortex. A diode laser ( λ  = 1875 nm) was coupled to a 100, 
200, or 400 μm fi ber and delivered optical radiation to the primary 
visual cortex of macaque monkeys [ 78 ]. Just as in the above study, 
increasing radiant exposures resulted in greater magnitudes of the 

 Cortex
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optical intrinsic signals. Unlike results from the rat somatosensory 
cortex, electrophysiological measurements revealed that INS 
evoked excitatory activity. Confi nement of optical radiation to a 
single ocular dominance column (400 μm in width) using the 100 
μm fi ber resulted in stimulation effects contained within one ocular 
dominance cycle and no signifi cant responses at distant locations, 
demonstrating the spatial selectivity of INS. Application of INS to 
the left eye ocular dominance column enhanced visually evoked 
responses to the left eye column and diminished responses to the 
right eye column. This indicates that INS of the visual cortex can 
modulate visual responses in an eye-specifi c manner. IR stimulation 
with the 100 and 200 μm fi ber combined with visual stimulation 
resulted in an enhanced effect compared to visual stimuli alone; 
however, utilization of the 400 μm fi ber led to a relatively suppressed 
response. This suggests that the 400 μm fi ber’s spot size is too 
large to target specifi c ocular dominance columns and resulted in 
activation of inhibitory surrounds. This study showed that INS can 
be used to either enhance or diminish visual cortical response, and 
this can be done in a targeted, domain-specifi c manner.   

   Infrared Stimulation of In Vitro and Nonneural Preparations 

   A diode laser ( λ  = 1865 nm) was coupled to a 600 μm fi ber to 
deliver optical radiation to extracted nerves from the walking legs 
of lobsters,  Homarus americanus  [ 79 ]. Successful stimulation, per 
electrical and birefringent responses, of the nerve was achieved 
using optical stimulation at maximum power setting of the laser 
with 2 ms pulse width. The electrical and birefringent responses to 
optical stimulation were one order of magnitude smaller than 
responses to  electrical stimulation  , indicating that optical energy 
recruited far fewer axons than electrical stimulation. However, 
only 2–4 trials of optical stimulation were possible before thermal 
damage occurred. Shorter pulse widths delivering less radiant 
energy did not generate a detectable birefringence signal. Perhaps 
unmyelinated nerves, such as those found in the lobster leg, are 
more susceptible to thermal damage secondary to increased water 
content and higher wavelength absorption. Of note, energy output 
and spot size were not reported in this study.  

   It has been demonstrated that pulsed laser light can stimulate car-
diomyocytes, resulting in cell depolarization and visible contrac-
tion [ 80 ,  81 ]. A recent study showed that INS can be used to pace 
embryonic quail hearts in vivo [ 82 ]. A pulsed  infrared   diode laser 
( λ  = 1875 nm) was coupled to a 400 μm diameter fi ber that was 
positioned in close proximity to the quail embryo, illuminating 
an approximately 0.3 mm 2  area on the infl ow region of the heart 
tube [ 82 ]. Optical stimuli of 1 ms pulse duration and 0.92 J/cm 2  
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radiant energy successfully locked the heart rate to the repetition 
rate of the laser (2–3 Hz). Standard transmission electron micros-
copy (TEM) was used to assess ultrastructural detail of cardiomyo-
cytes at the infl ow region of the heart tube where the laser was 
aimed. Comparisons were made between a control embryo that 
did not receive optical radiation, an embryo paced slightly above 
stimulation threshold (0.81 J/cm 2 ), and an embryo paced well 
above threshold (4.33 J/cm 2 ). Evidence of damage, such as vacu-
olated mitochondria, was only seen in the embryo paced well above 
threshold. No clear indication of cellular damage was observed in 
the embryo paced slightly above threshold or the control. This 
demonstrates that safe optical pacing of embryonic hearts is 
 feasible. Optical pacing has great potential as a tool for study of 
developmental cardiology, as control of heart rate results in altera-
tion of stresses and mechanically transduced signaling. Optical pac-
ing could also have clinical applications if it is capable of pacing the 
adult heart.  

   While much of cochlear INS has focused on the auditory nerve, a 
recent study showed that prestin is responsive to fast temperature 
perturbations induced by IR laser. Prestin is a molecular motor 
abundantly expressed in cochlear outer hair cells that allows the hair 
cells to rapidly alter their length and stiffness, in this manner modu-
lating amplifi cations of vibrations within the  cochlea  . Recently, 
patch-clamp recordings were conducted in HEK293 cells while 
using the Capella diode laser ( λ  = 1850 nm) to deliver rapid tem-
perature jumps to cells within the recording chamber [ 83 ]. Some 
cells had prestin expression induced with tetracycline. Stimulation 
of control cells that did not express prestin revealed a linear tem-
perature and capacitance change consistent with the double-layer 
electrostatic mechanism described by Shapiro et al. [ 25 ]. Stimulation 
of the prestin-expressing cells yielded a voltage- dependent  nonlin-
ear capacitance (NLC)   that followed rapid changes in temperature. 
Stimulation after application of salicylate, an inhibitor of prestin, 
abolished the NLC but left intact linear capacitance changes. These 
results demonstrate that prestin’s ability to respond to temperature 
changes is on par with double-layer susceptibility and may be used 
as a target for modulation of  hearing   using INS.  

   Thermal damage from heat deposition remains the primary con-
cern for INS. Methods to reduce the necessary optical radiation 
would improve safety of INS. The threshold radiant exposure for 
infrared pulsed light can be lowered with concurrent application of 
a subthreshold electric stimulus. The initial study used a diode laser 
( λ  = 1875 nm) and a bipolar hook electrode to deliver stimuli to the 
sciatic nerve of rats [ 84 ]. Results showed that delivery of sub-
threshold electric stimuli decreased the required optical energy in 
a manner best predicted by a logarithmic relationship (Fig.  9a ). 
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This suggests that  electrical stimulation   and INS do not occur by 
the same mechanism. Otherwise a linear superposition would be 
expected, such as seen when two simultaneous electrical pulses are 
delivered [ 85 ]. According to the best fi t logarithmic model based 
off the data ( R  2  = 0.56), electric stimuli applied at 80 % or 90 % of 
threshold reduced the optical threshold by 1.54-fold and 2.03- 
fold, respectively. Such a reduction in optical threshold signifi cantly 
increases the margin of safety for INS. With regard to the timing 
of stimuli, the greatest reduction in optical threshold was found 
during simultaneous administration of optical and electric stimuli 
(Fig.  9b ). No benefi t is observed when the optical stimuli were 
delayed for >1 ms, demonstrating the importance of timely stimuli 
delivery. Despite utilization of electric current, costimulation was 
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shown to be spatially selective. Individual fascicles were successfully 
stimulated per recordings of CmAPs in isolated muscle groups.

   A recent follow-up study by Duke et al. identifi ed spatial and 
temporal factors contributing to variability in hybrid-electrical stim-
ulation. Both the Ho:YAG ( λ  = 2120 nm) and a diode laser ( λ  = 1875 
nm) were used as optical sources to stimulate rat sciatic and  Aplysia 
californica  buccal nerves [ 86 ]. A bipolar electrical stimulus was pro-
duced using glass pipettes. While translating the optical fi ber back 
and forth across the nerve, a fi nite  region of excitation (ROE)   
between the cathode and anode where costimulation was possible 
was found. This ROE tended to increase in size with increasing 
radiant exposure and was located adjacent to the cathode of the 
bipolar electrode (Fig.  10 ). Reversing the polarity of the bipolar 
electrode would result in the ROE shifting adjacent to the new 
cathode location. Thus, the relative location of the two stimuli 
affects the effi cacy of stimulation. Repeated stimulation over 60 min 
revealed that thresholds for electrical and hybrid stimulation fl uctu-
ated with time and exhibited a negative correlation. For example, 
as the nerve became more sensitive to  electrical stimulation  , its 
response to optical stimuli decreased. This further indicates that 
electrical and optical neural stimulation have different underlying 
mechanisms, because the respective thresholds would be expected 
to correlate positively if the mechanism were similar.

   The recent experiments by Duke et al. also revealed that 
increases in radiant energy could result in the inhibition of neu-
ronal fi ring. At higher radiant exposures, the probability of action 
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  Fig. 10    Changing the polarity of a subthreshold electrical stimulus (90 % of stimulation threshold) in the  Aplysia  
buccal nerve yields two distinct regions of excitability (ROEs) with both the ( a ) Capella ( λ  = 1875 nm) and 
( b ) Ho:YAG ( λ  = 2120 nm) lasers. The location of the ROE is adjacent to the location of the cathode.  Dark - colored 
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and the cathode is located on the right side of the nerve (from Duke et al. Spatial and temporal variability in 
response to hybrid electro-optical stimulation. J Neural Eng. 2012;9(3):036003. With permission)       
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potential generation decreased, instead of asymptotically 
approaching 100 % as expected. This inhibitory effect was only 
observed in  Aplysia  but not the rat. It is currently unclear why 
this inhibition occurred.   

   Modeling of INS 

 INS has been tested in many neural systems and laser parameters 
differ largely for stimulation among the different systems. An 
approach to explain the  differences   could come from modeling of 
INS. A Monte Carlo modeling approach was used to simulate light 
transport and absorption in tissue during INS [ 87 ]. The results of 
the modeling suggest that the optimal optical fi ber (numerical 
aperture = 0.22) for INS has a diameter of 200 μm. The model 
also predicts a temperature rise at the spiral ganglion of 0.1 °C. 
This temperature rise is similar to what has been previously esti-
mated from INS in the gerbil cochlea [ 24 ]. Thompson et al. also 
used their model to study the temporal effects of heating during 
INS [ 88 ]. Their model predicts two regimes of action: (1) for pulse 
durations up to 100 μs, a pulse energy-limited regime, and (2) for 
pulses longer than 100 μs, a temperature gradient-limited regime. 
The model was also used to determine the infl uence of the distance 
of the stimulation sources and the stimulus repetition rates on the 
local heating. With the assumption that the stimulus is delivered at 
250 Hz, INS in the cochlea will lead to a local temperature increase 
of about 2.3 °C. The calculation was done for one stimulation site. 
When multiple stimulation sites are used, the temperature increase 
depends on the spacing between the stimulation sources. With the 
assumption that the light sources are separated by 750 μm, it has 
been predicted by the model that an additional 20 % increase in 
temperature will occur over the temperature increase of a single 
light source [ 89 ]. 

 In a different approach, a model was created using multiphys-
ics software from COMSOL to model the change in temperature 
and the temperature distribution during irradiation with an infra-
red laser at  λ  = 1550 nm radiation wavelength [ 90 ]. The model 
considers conduction and convection for heat transport. Results 
show that the distribution is complex and nonlinear. The maxi-
mum rise in temperature and the temperature distribution depends 
on the fi ber size, the pulse repetition rate, and the radiant energy. 
When compared to published data, the model predicted low 
temperatures as measured by Shapiro et al. [ 25 ]. Temperature 
accumulation was observed for repetitive stimulation. 

 In a recent paper, an analytical approach has been used to 
determine the heat distribution and thermal criteria for INS [ 89 ]. 
A solution for the heat diffusion equation was combined with optical 
fl uences. The developed framework could then be applied to 
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existing experimental data to determine the necessary thermal 
parameters to evoke stimulation. A key conclusion that has been 
drawn from the model is that the rate in temperature change, and 
not the absolute temperature, is essential for INS [ 91 ].  

   Considerations for INS-Based Neural Prosthesis 

 INS can confi ne the stimulated volume of tissue and  ma  y be another 
means of increasing spatial selectivity of neural stimulation. Another 
advantage of INS is the lack of an electrochemical junction. The 
fl uid interface between the active electrode and the tissue, which is 
not needed for INS, is a common location for device failure [ 92 ]. 
However, before implementing a prosthesis using INS, several 
design considerations must be made. While an optical fi ber-based 
prosthesis may be suitable for a low-density prosthesis application 
(stimulation of 1–5 distinct sites), prostheses that encode more 
dense information, such as  cochlear implants   and visual prostheses, 
would be diffi cult to implement with 50–100 or more individually 
addressed optical fi bers. Possible design solutions for these applica-
tions include a scanning optical source that sequentially addresses 
multiple stimulating sites or a high-density array of small solid-state 
optical sources that can simultaneously stimulate multiple neural 
populations. In addition to the type of source used, the placement 
of the optical source has implications for the prosthesis design. An 
external source would allow for higher power, larger battery capac-
ity, and easier modifi cations to the stimulating source. However, by 
transmitting the optical energy transcutaneously, a signifi cant por-
tion of the optical power would be lost. Percutaneous links, while 
possible, are much less desirable due to the risk of infection. A fully 
implantable INS prosthesis is desirable, because it eliminates the 
transcutaneous link, except for battery charging. Hardware upgrades 
are diffi cult with a fully implantable device. Furthermore,  impla  nted 
optical sources need to be more effi cient than externally mounted 
sources to reduce the heat generated by powering the device. 
It remains to be seen if a solid-state device can be constructed with 
the size and power requirements to be fully implantable and stimu-
late neurons.  

   Conclusions and Future Directions 

 The experiments to characterize INS have demonstrated that opti-
cal radiation can be used to stimulate neurons. For the facial nerve, 
the sciatic nerve, and the nervus pudendus, direct stimulation upon 
irradiation with infrared light is obvious. For the cochlea, it has to 
be characterized whether the stimulation comes from a mechanical 
event to the hair cells or a direct interaction with auditory nerve and 
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the radiation. For the vestibular system, it appears a direct interaction 
between the radiation and the hair cells is responsible. For the cor-
tex, it remains unclear whether the radiation results in a modulation 
or whether action potentials can be evoked. With the recent devel-
opment of a compact pulsed IR laser to evoke neural responses, it 
has been validated that stimulation with optical radiation is spatially 
selective. Stimulation with optical radiation has advantages over 
stimulation with electric current. The differences between stimula-
tion modalities could be selectively exploited for the next genera-
tion of neural interfaces and as a neurophysiology research tool. 
INS, as a tool, could advance our understanding of many research-
based neuroscience questions and lead to signifi cant fi ndings that 
would otherwise not be possible with conventional stimulation 
paradigms. In addition, the possibility of using INS for a neural 
prosthesis has its appeal. Many steps are required between techno-
logical conception and maturity of an INS-based prosthesis. The 
steps include biological safety and compatibility, as well as the engi-
neering of a practicable device. With the objective to design and 
build INS prostheses, it is also extremely important to understand 
the underlying mechanism of stimulation. It will allow optimization 
of the laser parameter space and will aid the long-term safety of 
INS. Further work to understand the effect of beam quality (e.g., 
focused beam vs. collimated beam) on stimulation will aid in the 
design of effi cient research and clinical stimulators. 

 Most of the work, to date, has been executed in vivo, and as 
such it would be useful to determine any differences with INS 
in vitro. Many neural systems and neuron types have yet to be 
stimulated with IR radiation, and it is unknown if INS will work on 
all neurons or only a subset. While there are many questions yet to 
be answered, INS provides a unique application of biomedical 
optics that may foster signifi cant advances in neuroscience.     
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   Part III 

   Photodynamic Therapy 

        Dick     Sterenborg               

    Introduction 

 Reference to the use of photosensitizing plants for treatment of 
skin diseases are found in the earliest documents of the several 
ancient cultures, such as the book Veda from ancient India and the 
Ebers Papyrus from ancient Egypt. Primitive forms of Photodynamic 
Therapy have probably been around since the dawn of mankind. 
More systematic research on the backgrounds of PDT and its 
application dates from more recent times. From the early begin-
ning of the twentieth century, there have been occasional scientifi c 
reports on PDT experiments and even some early clinical work. 
From the 1940s, however, the scientifi c interest in PDT really takes 
off. A quick survey in Pubmed reveals that the number of peer- 
reviewed papers has since then exponentially increased over the 
years until roughly 1000 per year in 2010. A similar survey in the 
patent database Espacenet shows that a wave of patents on PDT 
sets off starting in the late 1970s. Again an exponential increase 
with time, but now a steeper one, growing to roughly 200 patents 
per year in 2010. The number of registered clinical trials on PDT 
follows a similar pattern, but, logically, sets in a few years later, 
roughly around 1980 and reached roughly 100 per year in 2010. 
This dramatic growth has been fuelled by the advancement of 
technology and especially in optics. It started with the appearance 
of lasers and fi beroptics in the late 1970s and is still an accelerating 
fi eld. The path to routine clinical practice, however, is treacherous, 
and only a very small fraction of all these efforts eventually lead to 
a registered photosensitizer, which is an indication of a clinical 
application that has become routine. In 1993, the fi rst clinically 
approved photosensitizer appeared on the market, but in 2010 this 
number still lingered around ten. 

 This shows that to come to successful clinical application of 
photodynamic therapy, we need more than the advancement of 
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science alone. We need to bridge not just the gap between science 
and clinical practice, but, due to the very multidisciplinary nature 
of Photodynamic Therapy, also make the different scientifi c, tech-
nological, and medical specialties (pharmacology, biology, physics 
and medicine) work together successfully and over an extended 
period of time. The numbers quoted above illustrate that this is 
not easy and only rarely successful. 

 Nevertheless, in the fi eld of Head and Neck Cancer, we have 
been very active to beat these odds. What lies before you is a 
book on the current state of Photodynamic Therapy for Head 
and Neck Malignancies. It shows that a relatively small but highly 
motivated and dedicated multidisciplinary international commu-
nity can do. For people new to the fi eld, from any of the disci-
plines or with a general interest, this is an excellent introduction 
to the basic concepts, the possibilities and the broadness of the 
applications. For members of the medical fi eld experienced in 
treatment of Head and Neck malignancies, this book gives an 
excellent overview of what is currently possible with Photodynamic 
Therapy. I hope this book will stimulate critical discussions on 
Photodynamic Therapy and will help giving it the position in 
everyday medicine that it deserves.       
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Chapter 18

Physics of Photodynamic Therapy

Steen J. Madsen

Introduction

Photodynamic therapy (PDT) uses light-activated drugs (photo-
sensitizers) for the treatment of neoplastic and non-neoplastic 
diseases. Administration of the photosensitizer constitutes the 
first step in the PDT process. Then, following a waiting period 
(minutes to days) to allow for selective accumulation in the target 
tissue, the sensitizer is activated via light (usually from a laser) of a 
wavelength matching a prominent absorption resonance in the red 
or near-infrared part of the visible spectrum. Absorption of this 
light by the photosensitizer results in photochemical processes 
which ultimately produce the cytotoxic species (e.g., singlet molec-
ular oxygen) responsible for the biological damage.

The beginning of photodynamic therapy (PDT) is generally 
attributed to Raab in 1900 [1] who noted that the combination of 
dyes and light of certain wavelengths was toxic to microorganisms; 
however, it wasn’t until the 1970s that this therapeutic approach 
was introduced into the clinic [2, 3]. At that time PDT dosimetry 
was in a primitive state and it was recognized that, in order for 
PDT to gain clinical acceptance, a more rigorous dosimetric 
approach requiring a better understanding of PDT physics was 
required. A number of pioneering studies laying the foundation for 
PDT dosimetry were initiated in the 1980s. These studies focused 
primarily on gaining a better understanding of PDT dosimetry 
along with developing noninvasive (or minimally invasive) tech-
niques for determining the three essential dosimetry components: 
light, photosensitizer, and oxygen. An excellent summary of the 
state of PDT physics in the 1980s, along with a recent update, can 
be found in [4] and [5], respectively.
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The purpose of this review is to provide an overview of the 
physics of PDT as it relates to dosimetry. Of the three dosimetry 
parameters, light interactions/propagation cannot be understood 
without a rudimentary knowledge of optical physics and transport 
theory and, as such, these topics are discussed in significant detail 
and they provide a good starting point for the review. Knowledge 
of the optical properties of biological tissues is important for pre-
dicting light distributions and their in vivo measurement is consid-
ered in section “Optical Property Measurements In Vivo.” This is 
followed by an in-depth examination of various dosimetric 
approaches that can be used to predict biological response during 
PDT. The review concludes with an examination of dose-rate 
effects and associated strategies for improving PDT response.

Fundamental Light Interactions in Tissue

Knowledge of light distributions in biological tissue is critical for 
accurate PDT dosimetry. There are four fundamental types of 
interactions between light and tissue: refraction, reflection, 
absorption, and scattering. Reflection and refraction occur when 
light propagates between two different media and they are 
described by Fresnel’s Law and Snell’s law, respectively. The loss 
of light intensity between the interfaces is determined by the dif-
ference in refractive indices between the two media. From a prac-
tical point of view, light loss can be minimized by perpendicular 
light application [6].

Scattering is the most dominant interaction in tissues account-
ing for approximately 90–99 % of the total light attenuation [7]. 
This is in stark contrast to X-ray interactions in tissue where attenu-
ation due to scattering and absorption is approximately equivalent. 
The dominance of light scattering in tissues makes optical imaging 
significantly more difficult than X-ray imaging. Light scattering 
can be either elastic (incident and scattered photons have the same 
energy) or inelastic (incident and scattered photons have different 
energy). In PDT applications, inelastic scattering (e.g., Brillouin 
and Raman) is negligible and can be ignored. The dominant elastic 
interactions in tissues are Rayleigh and Mie scattering: the type of 
interaction is determined by the ratio of the scattering particle size 
to the wavelength of light and the shape of the particle. Mie scat-
tering dominates in situations where the wavelength and particle 
size are approximately equal, while Rayleigh scattering dominates 
for wavelengths much larger than the particle size. In practice, 
n either type of elastic scattering completely describes the situation 
in biological tissues and, as such, a number of closely related scat-
tering formulations have been developed [8].

Steen J. Madsen
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Compared to scattering, light absorption in tissues is relatively 
straightforward and can be described by the Beer–Lambert  
law [9]:

 I I e CL= −
0

ε
 (1)

where I and I0 are the transmitted and incident light intensities, 
respectively, ε is the molar extinction coefficient, C is the concen-
tration of the solution, and L is the sample thickness. The Beer–
Lambert Law is valid only under the following assumptions [10]: 
(1) the absorbing compounds are independent, (2) the concentra-
tion of the absorber is constant along the light path (generally not 
true in case of a complex material such as tissue), (3) atomic effects 
such as multiphoton absorption, optical saturation, or stimulated 
emission can be ignored (this is the case for the relatively low light 
intensities used in PDT), and (4) the incident light consists of par-
allel rays that traverse the sample without scattering (not the case 
for biological tissues). Since some of these assumptions are invalid 
in scattering media, the Beer–Lambert law has limited utility in 
biological media and, therefore, more sophisticated models of light 
transport are required to accurately determine the optical 
properties.

Light absorption in tissue is due primarily to a few highly 
absorbing molecules (chromophores) including water, oxyhemo-
globin, deoxyhemoglobin, melanin, and cytochromes. The absorp-
tion spectra of these molecules are illustrated in Fig. 1 which shows 
that there is an “optical window” between 600 and 1400 nm where 
the absorbance of each chromophore is relatively low. This optical 
window provides the rationale for using red to near- infrared absorb-
ing photosensitizers since these wavelengths have the deepest 
penetration in tissues.

Light Transport in Biological Tissues

Tissues are considered optically turbid since they scatter and absorb 
light and, as such, light propagation can be modeled using the 
radiation transport equation (RTE), also known as the Boltzmann 
transport equation [11]. Solution of the RTE requires knowledge 
of the fundamental optical properties (absorption, scattering, and 
scattering anisotropy). Once the tissue optical properties have been 
determined, the RTE can be used to calculate the light distribution 
(fluence rate) at any point for a given source geometry. Analytical 
solutions to the RTE exist in only a few limiting cases, thus neces-
sitating the use of approximate methods.

Physics of Photodynamic Therapy
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The time-dependent RTE describing light transport in a turbid 
medium can be expressed as [5]: 
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where L(r, Ω) is the energy radiance which is the radiant power 
transported at location r in a given direction Ω per unit solid 
angle per unit area perpendicular to that direction [W m−2 sr−1]. 
The energy radiance is considered the fundamental quantity of 
interest in the RTE. The energy fluence rate, E0(r) [W m−2], can be 
determined simply by integrating the radiance over 4π solid angle. 
This is an important parameter in a number of applications includ-
ing PDT. The absorption coefficient is denoted by μa, while the 
scattering coefficient is given by μs. S(r, Ω, t) is a source term, v is 
the speed of light in tissue, and p(Ω, Ω′) is the phase function which 
gives the probability that a photon moving in the direction of unit 
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vector Ω is scattered in the direction Ω′. The phase function can be 
expanded as a series in Legendre polynomials, Pn [12]:
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The first term accounts for normalization (b0 = 1) and the second 
term yields b1 = g, the mean cosine of the scattering angle. Accurate 
values for higher order terms in the expansion of the phase func-
tion are very difficult to obtain for biological tissues. The value of 
g varies from −1 to 1: g = 0 corresponds to isotroptic scattering, 
while values of 1 and −1 correspond to total forward and backward 
scattering, respectively. Light scattering in most tissues is highly 
forwardly directed (g ≈ 0.7–0.9), thus requiring several scattering 
events to randomize the direction of light propagation. The most 
commonly used phase function to describe light scattering in tis-
sues is the Henyey–Greenstein phase function which is defined by 
bn = gn in Eq. (1) [13]. This phase function was originally devel-
oped to describe light scattering in stellar atmospheres and can be 
applied to biological tissue in a very straightforward manner since 
it only depends on one parameter (g).

Solution of the RTE assumes that the wave properties of light are 
ignored and therefore light photons propagating in biological tis-
sues are considered as neutral particles, much like neutrons in a 
nuclear reactor. Analytical solutions to the RTE can be found in 
only a few limiting cases. Chandrasekhar [14] solved the case of a 
homogeneous, semi-infinite, isotropically scattering medium irra-
diated with a collimated beam of infinite extent, while Rybicki [15] 
solved the RTE in a similar medium irradiated with a narrow col-
limated beam. Due to the geometrical constraints and the simple 
assumptions regarding medium composition, these techniques are 
not relevant for clinical PDT.

The most commonly used numerical technique for solving the RTE 
is Monte Carlo (MC) modeling. Although the Monte Carlo approach 
was introduced in the late 1940s to investigate neutron transport in 
various materials [16], it wasn’t until the early 1980s that it was 
applied to tissue optics [17]. The MC technique is capable of solving 
the RTE to a high degree of accuracy and, as such, it has become the 
gold standard for modeling light propagation in tissue [18]. For 
example, MC simulations are commonly used to verify the accuracy 
of analytical models such as diffusion theory [19].

The algorithms used in MC simulations are relatively straight-
forward and codes for simulating light propagation in tissues are 
readily available (e.g., [20]). MC simulations track the history of 
individual photons in the medium, and parameters such as the 
 distance between interactions and the scattering angle are sampled 

Solution 
to the Transport 
Equation

Exact Solutions

Numerical Techniques: 
Monte Carlo Simulations
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from appropriate probability distributions which depend on the 
optical properties of the medium [17]. The fluence can be deter-
mined from the number of photon interactions recorded in each 
volume element. In addition to obtaining light distributions from 
known optical properties (the forward problem), MC modeling 
can also be used to estimate optical properties by fitting simulated 
light distributions to experimental data (the inverse problem).

The primary advantage of the MC approach is that it can be 
used to simulate light propagation under realistic conditions (e.g., 
variety of light sources, multiple tissue types, and complex geom-
etries); however, this flexibility comes with a price: simulations can 
be computationally intensive as they typically require millions of 
photon histories to obtain the desired accuracy—the higher the 
degree of accuracy required, the longer the simulation time. 
A number of techniques have been introduced to increase the 
speed of MC simulations including scaling and perturbation meth-
ods, hybrid approaches, variance reduction techniques, and parallel 
computation methods [21]. Parallel computation methods are 
particularly intriguing since they have the potential to significantly 
reduce computation times. In essence, this approach involves run-
ning an MC simulation simultaneously on many computers with 
the goal of using the dead time of networked computers to increase 
the speed of MC simulations. A variation of this approach is to use 
a multiple processor MC code that can be run on one computer 
with multiple processors, i.e., parallelization [22]. Other tech-
niques for increasing computation speed include (1) the imple-
mentation of MC codes in graphic processing unit (GPU) 
environments [23], (2) using field-programmable gate arrays [24], 
and (3) using Internet-based parallel computation (cloud comput-
ing) [25]. Some of these approaches have been shown to reduce 
computation times by a factor of 1000 compared to conventional 
CPU-based approaches [21].

MC modeling of light propagation in biological tissues has 
been used to simulate a number of common optical measurements 
including fluorescence and diffuse transmittance and reflectance. 
MC modeling is ideally suited for PDT applications since it can be 
used in realistic treatment situations involving multiple sources, 
complex geometries, and heterogeneous tissues. For example, MC 
simulations have been used to characterize PDT dosimetry in a 
variety of oncologic applications including prostate [26] and skin 
cancers [27–29]. In this context, MC modeling is particularly use-
ful since it has the ability to simulate both the temporal and spatial 
distributions of the fundamental dosimetric PDT parameters (light 
distribution and photosensitizer and oxygen concentrations).

Under the assumption that the radiance is only weakly direction 
dependent (i.e., linearly anisotropic), the integro-differential equa-
tion [Eq. (1)] can be expressed as a partial differential equation 
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that can be solved using standard techniques. Specifically, the 
radiance is expanded in terms of spherical harmonics, Yn,m, with 
only the first two terms considered. In terms of the fluence rate, 
E0(r), the diffusion equation can be expressed [5]: 
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In the diffusion approximation, the source-free equations are 
invariant for changes in μs and g that leave μs(1 − g) constant [30]. 
Therefore, the precise value of g might not be required in regions 
where the diffusion approximation holds, i.e., far from boundar-
ies and sources and in highly scattering media (μs (1 − g) ≫ μa). 
This represents a significant simplification since g is very difficult 
to measure. Thus, for determination of light distribution in tissues, 
it is sufficient to know μa and μs(1 − g) accurately and g only approx-
imately [31]. μs(1 − g) is typically denoted by μs

′, the so-called 
reduced (or transport) scattering coefficient. Accurate values of g 
may only be important close to boundaries and sources, i.e., 
under conditions where the diffusion approximation is invalid. In 
such instances, alternative approximation methods are required, 
e.g., higher-order analytic solutions using spherical harmonics for 
the angular parameters in Eq. (1) and expansion of the phase 
function in Legendre polynomials [Eq. (3)] [32]. Analytic solu-
tions to the diffusion equation exist only for very simple conditions 
(optically homogeneous tissue) and geometries (infinite, semi-infi-
nite, and slab) [33].

Kubelka and Munk developed a simple two-flux model to describe 
the propagation of a uniform diffuse irradiance in a one- dimensional 
slab with no reflection at the boundaries [34, 35]. It is assumed 
that the slab is illuminated by a Lambertian source and that the 
radiance remains isotropic with depth. The model has been used 
primarily for determining the optical properties of tissues in simple 
layered models; however, the underlying assumptions of isotropic 
scattering, matched boundaries, and diffuse irradiance are unreal-
istic for many light-tissue applications.

The inverse adding doubling (IAD) technique is a numerical 
solution to the one-dimensional RTE that is applicable to homo-
geneous turbid slabs with any optical thickness, albedo, or phase 
function [36–38]. The method is a reversal of the usual procedure 
of calculating reflection and transmission from optical properties, 
hence the term “inverse.” The IAD approach is ideally suited to 
measurements involving biological tissues placed between glass 
slides, and it has been used to determine the optical properties of a 
wide variety of tissues. Since this technique applies only to uni-
formly illuminated homogenous slabs, it is difficult to envision its 
use for in vivo determination of optical properties.

Other Approximation 
Methods

Physics of Photodynamic Therapy



294

Optical Property Measurements In Vivo

A number of methods have been employed to measure the optical 
properties of biological tissues. These include direct methods 
requiring tissue samples sufficiently thin such that single scattering 
dominates. This requires measurements on excised tissues. 
Unfortunately, the results are fraught with uncertainty due to 
preparation and handling artifacts such as blood loss and freezing/
thawing. These types of measurements are ill suited to the clinic 
since they are time intensive and cannot be used for real-time opti-
cal property monitoring during PDT. For these reasons, the focus 
has been on in vivo measurements using either invasive or nonin-
vasive approaches. Invasive methods involve the insertion of fiber 
optic sources and detectors directly into the tissue of interest for 
measurements of the light distribution. A model of light propaga-
tion in a homogeneous medium is then employed to estimate the 
interaction coefficients from a set of measurements (e.g., the flu-
ence rate at a number of distances from the internal source). Such 
measurements are commonly employed in PDT. In noninvasive 
approaches, the sources and detectors are placed in contact with 
the external boundary. Although this is less intrusive, the accuracy 
of the optical properties is often difficult to estimate since the light 
travels through different tissue types.

Spectroscopic techniques for in vivo determination of tissue 
optical properties can be divided into three categories: steady-state 
(or continuous wave), time-resolved, and frequency domains. In 
the vast majority of cases, the diffusion approximation is used to 
extract the optical properties (μa and μs

′).

In diffuse reflectance measurements, light is collected by a detector 
fiber at a known distance from a source fiber (Fig. 2a). Both fibers 
are placed in contact with the surface of the medium and the mea-
sured reflectance is fitted to a model of light propagation (i.e., the 
diffusion approximation) in order to extract the optical properties 
of the medium. Nonlinear least squares fitting routines (e.g., 
Levenberg–Marquardt algorithm) are commonly used to fit the 
measured data to the model [39]. Analytic expressions based on 
the diffusion approximation have been derived by a number of 
groups applicable in simple geometries such as semi-infinite homo-
geneous media [19, 40, 41]. Using the diffusion theory solution 
of Kienle and Patterson [41], the diffuse reflectance as a function 
of fiber separation (ρ) is given by

 R C C jz( ) ( ) ( )ρ ψ ρ ρ= +1 2  (5)

where ψ(ρ) is the fluence rate at the surface and jz(ρ) is the reflected 
flux exiting the surface from the tissue. C1 and C2 are constants 
which depend on the relative refractive index mismatch at the tissue/
detector interface and the numerical aperture of the detection fibers. 

Steady-State 
Spectroscopy

Reflectance Measurements

Steen J. Madsen



295

If the index of refraction of tissue is 1.4, the numerical aperture of 
the detection fiber is 0.22, and if the index of refraction of the 
detector fiber is 1.46, then C1 is 1.46 and C2 is 0.0389 [42]. In Eq. (5), 
ψ(ρ) and jz(ρ) are given by
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where D is the diffusion coefficient ( [ ( )] )= + ′ −3 1µ µa s , μeff is the effec-
tive attenuation coefficient ( [ ( )] )/= + ′3 1 2µ µ µa a s , and μt

′ is the total 
interaction coefficient ( )= + ′µ µa s . The parameter zb is the extrapo-
lated boundary position, i.e., the location of an imaginary boundary 
a distance of 2AD above the surface of the medium, where A is a 
dimensionless constant determined by the relative refractive index 
mismatch at the boundary [40]. The parameter r1(ρ) is the dis-
tance from a detection point on the surface of the medium to an 
imaginary point source located one transport mean free path 
( / )= ′1 µt  directly below the source fiber, while r2(ρ) is the distance 
from the detection point on the surface to a negative image source 
located at a distance of 1 2/ µt b

′ + z  directly above the source fiber. 
The rationale for using these parameters is discussed in detail in 
[40]. The use of reflectance measurements and steady- state 

R(ρ,t) m(ω)

φ(ω)In R(ρ)
ρ

ω

ωt
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ρ

Fig. 2 Noninvasive spectroscopic approaches for determining optical properties. (a) Photons are introduced 
into a homogeneous semi-infinite tissue-like medium via an optical fiber (S) and detected by an optical fiber 
(D). In the steady-state approach (b), diffusely reflected photons are collected as a function of source-detector 
fiber separation (ρ). In time-resolved spectroscopy (c), diffusely reflected photons are detected as a function 
of time. In the frequency domain, the phase shift (ϕ) (d) and demodulation amplitude (m) (e) are determined as 
a function of modulation frequency (ω). In all cases, the tissue optical properties (μa and μs

′) can be determined 
by fitting the diffusion approximation to the experimental data illustrated in (b)–(e)
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diffusion theory has been shown to yield values of μa and μs
′ to an 

accuracy of around 10 %.
Equation (18.5) applies to a semi-infinite homogeneous 

medium. Solutions to the diffusion equation in the steady-state, 
time, and frequency domains have also been derived for two-lay-
ered turbid media with an infinitely thick second layer [43].

Both source and detector fibers are inserted into the medium and 
the fluence rate is measured as a function of radial distance between 
the fibers. Due to the limited penetration depth of light in biologi-
cal tissues, the medium is typically considered infinite in extent 
and, as such, boundary conditions can be ignored and the solution 
to the diffusion equation is thus relatively trivial. In this case, the 
fluence rate ϕ at a distance r around an isotropic point source 
delivering a radiant power P into the infinite turbid medium is 
given by [44]:
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The equation can be modified to account for tissue heterogeneity 
and extended sources [45].

In time-resolved (or time-of-flight) spectroscopy, the temporal 
spreading of a short light pulse (≤10−12 s) is measured in reflec-
tance or transmittance mode as it travels through a scattering 
medium such as tissue (Fig. 2c). The temporal spreading of the 
light pulse is related to the optical properties of the medium which 
may be extracted via application of a model of light propagation. 
For example, the time-dependent diffusion equation has been 
solved for semi-infinite and finite homogeneous tissue slabs [46] as 
well as spherical and cylindrical geometries [47]. A particularly 
useful quantity is the time-resolved diffuse reflectance from a 
homogeneous semi-infinite tissue slab:
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where ρ is the source–detector fiber separation, c is the speed of 
light in tissue (=0.214 mm ps−1 assuming that n = 1.4), and z0 is the 
depth at which the incident photons are initially scattered ( / )= ′1 µs . 
Time-resolved spectroscopy has been investigated in a wide variety 
of geometries [43, 46, 48] and the accuracy of the derived optical 
properties (μa and μs

′) is similar to that obtained with steady- state 
techniques (≈10 %). The high cost of instrumentation required for 
time-resolved spectroscopy is a significant limitation.

In frequency domain spectroscopy the intensity of light incident 
on biological tissue is modulated at a high frequency (108–109 Hz) 
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and the diffusely reflected or transmitted signal is measured with a 
phase-sensitive detector (Figs. 2d,e). It has been shown that 
intensity- modulated light propagates through multiple scattering 
media as diffuse photon density waves with a coherent front 
[49–51]. Since density wave dispersion is a function of the optical 
properties of the material interrogated, the absorption and trans-
port scattering coefficients can be determined simply by fitting the 
measured frequency and distance-dependent behavior to analytical 
expressions derived from diffusion theory [40, 51, 52]. For exam-
ple, Fourier transformation of Eq. (18.9) yields analytic expres-
sions for the modulation and phase as functions of the optical 
properties of the tissue.

Compared to time-resolved techniques, frequency domain 
spectroscopy offers several advantages including (1) cheaper instru-
mentation, especially for frequencies below 200 MHz [53, 54], 
(2) the possibility of determining the optical properties (μa and μs

′) 
from modulation and phase measurements at a single frequency, 
and (3) the potential of monitoring dynamic phenomena (e.g., 
hemoglobin oxygenation) since both modulation and phase can be 
measured over short time periods. For these reasons, frequency 
domain spectroscopy has become the preferred method for diffuse 
optical spectroscopy applications.

Vibra�onal states

Photosensi�zer Molecular oxygen

ISC

ISC

P (1270 nm)
P

FA

IC

T1

S1

S2

S0

A = light absorp�on ISC = intersystem crossing
F = fluorescence
P = phosphorescence
1O2 = singlet oxygen
3O2 = triplet oxygen

S0 = ground state
S1 = first excited singlet state
T1 = triplet state
IC = Internal conversion

3O2

1O2

Fig. 3 Abbreviated Jablonski diagram showing the most relevant energy levels and transitions for singlet 
oxygen-mediated PDT. Solid and dashed arrows denote radiative and non-radiative transitions, respectively. 
De-excitation of singlet molecular oxygen to ground-state triplet molecular oxygen is accompanied by 1270 nm 
phosphorescence which can be used as a direct dose metric during PDT
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PDT Dosimetry

In comparison to ionizing radiation, PDT dosimetry is not well 
developed. This can be attributed to the complexity of the PDT 
process which is illustrated in Fig. 3. A photosensitizer in its ground 
state is characterized by paired electrons with a total spin (S) = 0 
and a corresponding spin multiplicity of 1. This ground-state 
configuration is termed a singlet state (S0). Upon absorption of 
photons of appropriate energy, the photosensitizer is raised to an 
electronically excited singlet state Sn (n = 1, 2, 3…) which contains 
additional vibrational modes. The photosensitizer may return to its 
ground state resulting in prompt fluorescence emission; however, 
efficient photosensitizers typically undergo an intersystem crossing 
(ISC) through rearrangement of electronic spin resulting in a trip-
let excited state (T1). This triplet state has a relatively long lifetime 
in biological tissues (typically tens of microseconds) and, in well- 
oxygenated conditions, de-excites via energy transfer to ground- 
state molecular oxygen in a triplet state (3O2). If sufficient energy 
is provided in this transfer, singlet excited oxygen 1O2 is produced. 
For example, typical sensitizers yield approximately one molecule 
of singlet oxygen for every two photons absorbed [55]. There is 
strong evidence showing that singlet oxygen is the primary cyto-
toxic species in PDT [56, 57]; however, reactions yielding other 
reactive species have also been demonstrated [58]. PDT-induced 
tissue necrosis requires the production of approximately 1018–1019 
molecules cm−3of singlet oxygen [59].

Clinical PDT dosimetry has traditionally been accomplished 
based on the amount of photosensitizer administered followed by 
measurement of the incident light exposure. This is a very simplis-
tic and inadequate approach due to intra- and inter-patient vari-
ability in sensitizer concentrations. Second, the light distribution is 
dependent on the optical properties of the target tissue. Third, the 
yield of singlet oxygen depends on the oxygenation state of the 
tissue. Finally, the photosensitizer concentration, light distribu-
tion, and tissue oxygenation may change during treatment and one 
parameter may interact with the other. These factors must be 
accounted for in a successful PDT dosimetry scheme.

Assuming that singlet oxygen is responsible for the biological 
response, Wilson et al. [60] have proposed three dosimetry 
approaches:

 1. Explicit dosimetry which typically involves separate measure-
ments of light, photosensitizer, and oxygen during PDT. These 
measurements are then incorporated into a dose model. 
Although this is a cumbersome approach fraught with uncer-
tainties, it has nevertheless been used by a number of groups 
[61–63].
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 2. Implicit dosimetry in which a combination of treatment param-
eters are incorporated into a single dose metric, e.g., photosen-
sitizer photobleaching which can be determined by monitoring 
photosensitizer fluorescence during PDT. Fluorescence spec-
troscopic measurements of photoproducts associated with 
photobleaching have also been proposed as an implicit dosim-
etry technique [64–66].

 3. Direct dosimetry in which the cytotoxic species, single oxygen, 
is measured.

Strategies for measuring the individual components (light 
photosensitizer and oxygen) required for explicit dosimetry will be 
summarized in sections “Light Dosimetry,” “Photosensitizer 
Dosimetry,” and “Oxygen Dosimetry,” while implicit dosimetry 
techniques and direct singlet oxygen measurements will be dis-
cussed in sections “Implicit Dosimetry” and “Direct Dosimetry,” 
respectively.

Determination of light fluence was discussed in section “Light 
Transport in Biological Tissues.” It was shown that the fluence 
(and fluence rate) can be determined from knowledge of the tissue 
optical properties and the irradiation geometry. Another approach 
involves the direct measurement of the fluence rate which is 
 typically accomplished at discrete points within the tissue. Rather 
than generating a complete fluence rate profile, which would 
require many invasive measurements, the goal is usually to verify 
the results of calculations and/or to determine the fluence rate at 
clinically critical locations where calculations may be suspect (e.g., 
near boundaries). Measurements are typically accomplished using 
small diameter (≈200 μm-dia.) optical fibers with isotropic scatter-
ing tips. Using commercially available fiber probes with highly uni-
form angular response (±5 %), fluence rate measurements can be 
made with an accuracy of around 5–10 % [5].

A number of approaches have been used to measure photosensi-
tizer concentration in tissues. The most promising techniques 
involve optical methods based on absorption, fluorescence, or 
Raman scattering which can yield the concentration at discrete 
points or the mean concentration over a tissue volume.

Since most photosensitizers fluoresce, the fluorescence emis-
sion from a tissue can be used to infer the concentration of the 
photosensitizer. The relationship between emission and concentra-
tion is not straightforward since the emission may be affected by 
the local environment of the photosensitizer including pH. Another 
complication is that both the excitation and emission light typically 
propagate through thick tissue layers and, therefore, the detected 
fluorescence will depend on the tissue optical properties. This 
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effect can be minimized by delivering the excitation light and 
 collecting the fluorescence via an optical fiber inserted directly into 
the tissue [67]. Although this approach is capable of yielding pho-
tosensitizer concentrations to an accuracy of about 10 %, it is 
 limited by the small tissue volumes sampled. Larger sample vol-
umes have been accomplished using surface probes consisting of 
fiber bundles [68].

In the case of non-fluorescing or low quantum yield photosen-
sitizers, absorption spectroscopy is commonly used. The objective 
is to determine the photosensitizer concentration from its specific 
contribution to the total absorption coefficient. This is typically 
accomplished by determining the absorption coefficient over a 
range of wavelengths so that the sensitizer peaks can be differenti-
ated from the tissue background absorption. A system for perform-
ing quantitative absorption spectroscopy to estimate photosensitizer 
concentration in vivo has been described by Farrell et al. [69].

A number of other approaches have been developed for quan-
tifying sensitizer concentration. The most promising of these is 
Raman scattering which has been used for ex vivo measurements 
[70], although fiber optic-based Raman systems developed for 
in vivo diagnostics could be used for this purpose.

In situ measurements of tissue oxygenation require thin probes. 
Commercially available metal-based microelectrodes for measuring 
pO2 in tissues have tip diameters of a few μm [71]. Although these 
microelectrodes are capable of measuring pO2 with excellent spa-
tial and temporal resolution, they are rather fragile and can easily 
be broken during clinical measurements. Similar to fluence rate 
measurements discussed in section “Light Dosimetry,” pO2 mea-
surements are made at discrete points in the tissue and therefore 
placement of electrodes requires careful consideration of the tissue 
to be monitored. A combination fiber optic probe for measuring 
pO2, pCO2, and pH was approved for clinical use in 2000 [71]. 
Advantages of these luminescence-based sensors include their non-
chemical and reversible mechanism of sensing in which both the 
probe and the analyte are not consumed, high sensitivity and selec-
tivity, rapid response times (ms), and the possibility of contactless 
measurements through a (semi) transparent material [72]. 
Additionally, due to their larger tip diameters (ca. 500 μm), optical 
probes are also more robust. Some studies have found that the 
larger fiber optic probes consistently measure a higher fraction of 
hypoxic pO2 values in both tumors and normal tissues compared to 
microelectrodes [73]. This may be due to damage to the microcir-
culation by the larger optic probes.

Although direct microelectrode/fiber optic measurements of 
tissue oxygenation have not been attempted during clinical PDT, 
spectroscopic techniques, such as those described in section “Optical 
Property Measurements In Vivo,” have been investigated. For example, 
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Zhu et al. [63] used a continuous wave spectroscopy approach 
 (section “Interstitial Measurements”) to measure both oxy- and 
deoxyhemoglobin concentrations in human prostate during PDT. 
Knowledge of these parameters allows evaluation of tissue 
oxygenation.

In most instances, implicit dosimetry is accomplished via detection 
of photobleaching or photoproducts. In this context, photobleach-
ing refers to the photochemical destruction of the sensitizer 
rendering it incapable of further fluorescence. For some photosen-
sitizers, photobleaching is mediated by 1O2 and, therefore, it should 
be possible to infer its concentration based on the initial and final 
sensitizer concentrations. For example, Dysart and Patterson [74] 
have developed an expression for the total amount (i.e., dose) of 
singlet oxygen generated during a PDT treatment starting at t = 0 
and ending at t = T:
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where τ∆ is the singlet oxygen lifetime in the tissue, kos is the sensi-
tizer bleaching rate constant, and γ is the effective minimum sensi-
tizer concentration. Therefore, only a few parameters are required 
to determine the absolute dose, namely, the initial and final sensi-
tizer concentrations, [S0]t = 0 and [S0]t = T, and τ∆, kos, and γ.

This model has been verified in simple in vitro systems using 
the sensitizer mTHPC. The model is accurate only under well- 
oxygenated conditions (pO2 > 5 μM) [75] and it cannot be applied 
to commonly used photosensitizers such as Photofrin and ALA- 
PpIX since they can be photobleached by non-1O2 pathways under 
hypoxic conditions [74, 76, 77]. The results of these studies sug-
gest that there are likely two different photobleaching mechanisms 
for sensitizers such as Photofrin: one mediated by singlet oxygen 
and the other by the sensitizer triplet state. The relative impor-
tance of each depends on the ambient oxygen concentration. 
Furthermore, it has been postulated that the fluorescent photo-
product of Photofrin is due exclusively to singlet oxygen-mediated 
bleaching and, as such, determination of the concentration of the 
photoproduct would be more reliable than measuring Photofrin 
photobleaching [76]. Similarly, the photoproducts of PpIX [77] 
and BPD [64] have been found to be more reliable predictors of 
PDT response in vitro and in vivo.

In summary, implicit dosimetry is still in its infancy: the major-
ity of studies have been performed in relatively simple systems con-
sisting of cell suspensions and multicell spheroids. Additional 
in vivo studies will be required in order to determine the clinical 
potential of this approach.

Implicit Dosimetry
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Direct dosimetry involves measurement of the 1270 nm phospho-
rescence resulting from the de-excitation of singlet oxygen to its 
ground state. Although measurement of this signal is trivial in vitro, 
its detection in complex media such as biological tissue is challeng-
ing due to its short lifetime (30–200 ns) and weak emission. As a 
result, singlet oxygen luminescence detection requires sensitive 
and rapid time response detection systems. Early systems employ-
ing liquid nitrogen-cooled germanium detectors and lock-in detec-
tion techniques were capable of measuring singlet oxygen 
luminescence in cell suspensions, but lacked the sensitivity for reli-
able measurements in vivo [78–80]. With the introduction of sen-
sitive near-infrared photomultiplier tubes in the late 1990s, in vivo 
singlet oxygen detection became possible and two groups reported 
positive results in animals [57, 81]. In subsequent studies, Niedre 
et al. [82] showed that the total singlet oxygen signal detected 
during PDT of tumor cell suspensions correlated well with cell 
survival over a wide range of treatment conditions. These results 
have been confirmed in animals which also show a good  correlation 
between cumulative singlet oxygen signals and biological response 
[83]. There are no reports of measurements during PDT in humans 
even though this is highly feasible for easily accessible lesions such 
as skin cancers.

Even with state-of-the-art instrumentation, singlet oxygen 
luminescence detection is difficult. This is due to a combination of 
factors including the weakness of the luminescence and the low 
quantum efficiency (~1 %) of the detectors [75]. As a result, the 
luminescence is difficult to measure since the overall signal also 
contains stronger sources of luminescence, including photosensi-
tizer and cell tissue fluorescence [84]. Due to the low signal, fiber 
optic probes cannot be used to collect the singlet oxygen lumines-
cence and acceptable signal-to-noise ratios can only be obtained by 
integrating the signal over a significant volume of irradiated tissue 
[5]. In addition, the instrumentation is very complex and signifi-
cantly more expensive compared to that required for continuous 
wave fluorescence measurements in the visible spectrum.

The biological response to PDT depends not only on light fluence 
but also on the rate at which light is delivered. Dose-rate effects 
may be due to biological and/or physical mechanisms. As fluence 
rates are reduced (corresponding to longer treatment times), cell 
repair and responses to oxidative stress become important [85–87]. 
Additionally, physical mechanisms involving photosensitizer 
ground-state depletion during pulsed irradiation and fluence-
rate- dependent photochemical oxygen depletion are also important 
factors influencing biological response to PDT.

PDT with short-pulse lasers has been shown to be less effective 
compared to continuous wave irradiation for equivalent average 
fluence rates [88]. This is attributed to the finite number of 
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sensitizer molecules in the tissue volume. If a significant fraction of 
these is excited during the initial part of the laser pulse, photons in 
the remainder of the pulse will be wasted due to the reduced likeli-
hood of absorption and subsequent singlet oxygen production.

Oxygen depletion, the second physical mechanism for dose- rate 
effects, typically occurs on a timescale of seconds and depends on 
the average fluence rate. Simply stated, oxygen depletion occurs 
when PDT-induced photochemical oxygen consumption exceeds 
the ability of the microvasculature to deliver oxygen to the irradi-
ated tissue. Tromberg et al. [89] were the first to show that oxygen 
concentration was reversibly reduced during PDT irradiation. 
Subsequently, biophysical models have shown that oxygen deple-
tion is likely under typical PDT treatment conditions [90, 91]. 
These modeling studies have been verified by a number of other 
groups [92–95]. There is now substantial evidence that PDT is less 
effective at high fluence rates [66, 90, 92, 96, 97].

Delivery of light and/or photosensitizer at very low dose rates is 
a potential strategy for overcoming the ineffectiveness of PDT at 
high fluence rates. This has been termed metronomic PDT (mPDT) 
[98] and must be distinguished from treatments in which the light 
dose rate is only slightly reduced (by a factor of 2 or 3) in order to 
avoid oxygen depletion. Metronomic PDT using ALA in a rat brain 
tumor model has been shown capable of producing tumor cell 
(glioma) killing through apoptosis without inducing any measurable 
damage to normal brain. Furthermore, no necrotic cell death was 
found in the tumor. This is a particularly interesting observation 
since necrotic cell death triggers inflammatory responses which may 
result in additional secondary damage to normal brain. With regard 
to intracranial treatments, another rationale for mPDT is that single 
high dose-rate PDT treatments are unlikely to result in the delivery 
of a tumoricidal dose beyond about 2 cm with current photosensi-
tizers. This is due to an inability to deliver a sufficiently high light 
dose at depth in a clinically acceptable treatment time, especially 
when PDT is given intraoperatively to the surface of the resection 
bed. However, delivering the light over a much longer period (hours, 
days, or weeks) relaxes this constraint. Such a protracted delivery 
scheme requires specialized indwelling applicators such as those 
used for intracranial brachytherapy (Fig. 4a, b) [99].

The low dose-rate PDT regime has been explored extensively 
in vitro using human glioma spheroids [100]. Specifically, enhanced 
efficacy of ALA-PDT at ≤10 mW cm−2 was demonstrated and repet-
itive low fluence rate treatments resulted in much higher tumor cell 
kill than single treatments (Fig. 4c). Collectively, the photobiologi-
cal findings from the mPDT and low dose-rate studies provide a 
compelling rationale for investigating low and very low dose rate 
PDT, especially for the treatment of high-grade glioma.
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Summary

PDT dosimetry is complex as it depends on a number of difficult- 
to- measure parameters. A further confounding factor is the 
dynamic interplay between these parameters. There are a number 
of established dosimetric techniques of varying degrees of com-
plexity. The method chosen is typically dictated by the application 
and the level of physics support.

Widespread clinical acceptance of PDT will require strategies 
for accurate determination of the PDT dose. In contrast to radia-
tion therapy, the dose is not measured directly in PDT—it is 
inferred from a number of indirect measurements including sensitizer 
photobleaching, oxygen perfusion, and light fluence rate. Direct 
dosimetry approaches involving measurement of the 1270 nm 
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singlet oxygen luminescence appear promising. Unfortunately, 
with current state-of-the-art singlet oxygen luminescence detec-
tion systems, the weak 1270 nm emission can only be measured at 
tissue surfaces. This limitation may be overcome with the develop-
ment of fiber-coupled nanostructure detectors facilitating intersti-
tial detection of singlet oxygen [101].

Rigorous PDT dosimetry approaches have been implemented 
recently in a number of clinical trials involving prostate cancer 
[61, 102] and basal cell carcinoma [62]. Such approaches, based 
on the principles discussed herein, may help establish PDT as a 
viable treatment option to radiation therapies such as the brachy-
therapy techniques used in the treatment of prostate cancer.
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Chapter 19

Light Sources, Drugs, and Dosimetry

Jarod C. Finlay and Arash Darafsheh

Introduction

This chapter will address the technical and physical aspects of the 
light sources, delivery devices, and photosensitizers used in ENT 
photodynamic therapy (PDT). Effective delivery of treatment light 
to the target tissue requires appropriate matching of the light 
source to the tissue, the sensitizer, and the delivery device. The 
delivery device, typically an optical fiber with a directional or dif-
fusing termination, must be chosen to match the target area and 
the surrounding geometry.

In order for photodynamic action to occur, the photosensitizer 
accumulated in the target tissue must be activated by light possess-
ing enough optical power and appropriate wavelength. The emis-
sion wavelength of the light source should match the absorption 
wavelength of the photosensitizer. Most photosensitizers, particu-
larly those derived from porphyrins and chlorins, have multiple 
absorption peaks: a Soret Band around 400 nm and several Q-bands 
in 500–700 nm range. The absorption in the Soret band is often an 
order of magnitude greater than that in the Q-bands; however, 
selecting a peak in the longer wavelengths is favorable due to the 
longer penetration depth of light in tissue, so that a larger volume 
of target tissue can be treated.

Tissue optics also plays a critical role in the distribution of 
treatment light in tissue. Optical penetration depth (OPD) in a 
medium is defined as the distance over which the intensity of 
light decreases to 1/e (~37 %) of its initial intensity. OPD in tis-
sue is limited due to scattering and absorption of light and is 
wavelength dependent, as shown in Fig. 1. For example, the 
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OPD in the 600–800 nm spectral range is more than twice that 
in 500–600 nm range [1]. Scattering is the dominant mechanism 
of light attenuation in tissue, except in highly pigmented tissues 
and short wavelengths, where absorption is the dominant attenu-
ation process. It should be noted that biological effects are not 
limited to a distance corresponding to 1 OPD; they can still be 
observed at ~3 OPD [2].

As mentioned in the previous chapter, there is an “optical 
window” in tissue between 600 and 1400 nm, where the absorp-
tion of light is minimal. However, as the wavelength of light 
increases, the photon energy decreases and consequently for 
wavelengths longer than approximately 850 nm the efficiency of 
the photodynamic process decreases [3–5]. The fundamental 
limit for longer wavelengths is imposed by the energy required to 
excite an oxygen molecule from its triplet to singlet excited state. 
Therefore, the “therapeutic window” for PDT is between 600 
and 800 nm.

An “ideal” photosensitizer is assessed based on various biologi-
cal/physiological, chemical/biochemical/photochemical, physi-
cal/photophysical, and economic considerations [8, 9]. Low dark 
 toxicity, high target selectivity, non-mutagenicity, pain-free ther-
apy, appropriate administration method (oral, systemic, or topical), 
short cutaneous photosensitivity period, high chemical stability, 
water solubility for easy transport in the body, availability of chemi-
cal compounds and ease of synthesis, high quantum yield of singlet 
oxygen, long enough activation wavelength to assure deep optical 

Fig. 1 (a) Absorption coefficients, μa, of oxy- and deoxyhemoglobin, water, and of tissue composed of 80 % 
water with 80 % hemoglobin oxygen saturation and (b) optical penetration depth of the same tissue. The typi-
cal range treatment wavelengths of sensitizers used in ENT PDT are indicated on both figures. Hemoglobin and 
water absorption data are taken from Finlay et al. [6] and Kou et al. [7], respectively
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penetration in tissue, and appropriate fluorescent yield for drug 
monitoring are some of these considerations. In practice, there is a 
trade-off among these considerations in development of a photo-
sensitizer for PDT.

PDT photosensitizers have been classified into three categories: 
(1) first-generation photosensitizers which are porphyrin-based, 
such as hematoporphyrin derivative (HpD) developed in the 1970s 
and early 1980s, (2) second-generation photosensitizers which are 
modified porphyrin compounds with long absorption wavelength, 
and (3) third-generation photosensitizers which are modified pho-
tosensitizers for selective tumor uptake. Based on their chemical 
structures, PDT photosensitizers belong to three families: porphy-
rins, chlorins, or dyes [8].

Photofrin® (porfimer sodium) [10–16], Levulan® (5-ALA, 
5- aminolevulinic acid) [17–20], Foscan® (m-THPC, m- 
tetrahydroxyphenylchlorin) [21–30], and Photochlor® (HPPH, 
2-[1-hexyloxyethyl]-2-devinyl pyropheophorbide-a) [14, 31] at 
excitation wavelengths of 630, 635, 652, and 665 nm, respectively, 
have been used in various PDT studies, including head and neck 
cases. Among them, Photofrin® and Foscan® have been used exten-
sively for head and neck cases [29, 32–41]. It should be noted that 
ALA is not a sensitizer itself; however, it induces the formation of 
the sensitizer protoporphyrin IX (PpIX) in vivo through the heme 
biosynthetic pathway.

Lasers, light-emitting diodes (LEDs), and lamps are three 
main conventional categories of light sources used for PDT appli-
cations. Tumor location, photosensitizer, and optical dose are 
determining factors for the choice of the light source for PDT 
[42]. Head and neck cases present a particular challenge, as the 
geometry is often minimally accessible to external optical fibers.

Light Sources

Lasers (an acronym for light amplification by stimulated emission 
of radiation) are the most commonly used light source for both 
superficial and interstitial PDT applications. Lasers generate mono-
chromatic light with high power, narrow bandwidth, and precisely 
controlled wavelength corresponding to a specific photosensitizer. 
Unlike LED or lamp sources, lasers produce collimated light with 
small (submillimeter) spot sizes. Lasers can therefore be coupled 
efficiently with optical fibers for endoscopic or interstitial use. For 
superficial PDT, the output of the laser is expanded by a set of 
lenses, known as beam expander, to cover a larger tumor area with 
uniform irradiance.

Lasers

Light Sources, Drugs, and Dosimetry



314

A laser fundamentally consists of three components: a gain 
medium, a resonant cavity, and an energy source, as schematically 
illustrated in Fig. 2. The resonant cavity is essentially a pair of mir-
rors facing each other with the gain medium between them. The 
energy source, or pump, provides energy which excites the mole-
cules of the gain medium to an excited state. Under normal condi-
tions, these molecules would spontaneously emit fluorescence, 
which would be incoherent and poorly collimated. In a laser, how-
ever, the fluorescence light emitted by the gain medium is reflected 
within the cavity such that it passes through the gain medium mul-
tiple times, generating stimulated emission of photons from the 
gain medium on each pass. Because the stimulated emission is in 
phase with the light field that stimulated it, this amplification pro-
cess produces coherent, monochromatic light. One of the mirrors 
in the cavity is partially transmitting, so a fraction of the light 
amplified in the cavity is extracted on each reflection, producing a 
useful beam. Different types of lasers such as dye, metal vapor, and 
diode lasers have been used for PDT, as detailed below [42, 43]. 
Currently, diode lasers are the most commonly used laser source in 
PDT applications. Both pulsed and CW lasers have been used in 
PDT and the advantage of one over the other is still under 
investigation.

In dye lasers [44], organic dye molecules, such as rhodamine or 
kiton red, with emission wavelengths in the 600–650 nm range, 
matching the absorption wavelength of a specific photosensi-
tizer, are used as the lasing medium. The dye is typically a liquid 

Dye Lasers

Fig. 2 Schematic illustration of fundamental components of a laser, including gain medium, energy source, and 
resonant cavity
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that is circulated continuously to prevent overheating. Only a 
small fraction of the dye is in the resonant cavity at any one time. 
A pump laser, such as an argon, Nd:YAG, copper vapor, or KTP 
laser, serves as the energy source. In general, practical dye lasers 
require pump powers of tens of watts. Pump lasers capable of 
sufficient output power often require high current, high voltage 
power supplies and water-cooled heat exchangers, limiting their 
portability, although surgical laser systems have been adapted to 
pump dye lasers. The absorption wavelength of the laser dye 
must match the emission wavelength of the pump laser. One 
particular advantage of dye lasers is that the gain medium gener-
ally emits over a wide range of wavelengths. The wavelength at 
which light amplification is achieved is determined by the geom-
etry of resonant cavity and by tunable filters placed in the beam 
to narrow the wavelength range over which lasing can occur. 
Therefore, the dye laser’s emission wavelength can be tuned to 
cover a range of wavelengths corresponding to different photo-
sensitizers. This makes dye lasers versatile and ideally suited to 
laboratory work; however, due to their large size, difficult porta-
bility, high cost, and high maintenance requirements [45], dye 
lasers have been replaced by diode lasers in most clinical PDT 
applications.

Diode lasers are electrically pumped semiconductor lasers. The 
energy source in this case is electrical current, which directly excites 
the semiconductor gain medium. The semiconductor gain medium 
and the resonant cavity can be manufactured in one compact, 
solid- state unit. Low-power semiconductor lasers are used in many 
consumer applications, from laser pointers to optical disk readers. 
Higher power diode lasers are the main light source currently used 
in PDT applications. Their advantages, in addition to general 
advantages of laser sources, are their lighter weight, compactness, 
portability, stability, and low economic cost. Diode lasers generat-
ing up to 8 W of optical power can generally be powered by stan-
dard electrical supplies and use air-cooled thermoelectric coolers to 
maintain temperature. High-power output is often accomplished 
by combining or “stacking” laser diodes. The result is output with 
a larger spot size and greater beam divergence than that produced 
by a dye laser. Coupling into optical fibers can still be efficient, but 
larger fiber cores may be required in some cases. The disadvantage 
of diode lasers compared to dye lasers is that a separate diode laser 
is required for each sensitizer. Modular dye lasers have been pro-
posed [46] to deal with this limitation; however, none are cur-
rently approved for clinical use.

Diode Lasers
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LEDs are semiconductor light sources. The mechanism of light 
generation in an LED is similar to that in a diode laser; however, 
an LED lacks the resonant cavity necessary for stimulated emis-
sion and instead emits light spontaneously. LEDs can produce 
light of a specific wavelength with wider bandwidth (~5 % of the 
central wavelength) compared to the output spectra of diode 
lasers, which leads to lower efficiency absorption by the photo-
sensitizer. Their output power is generally lower than that of 
diode lasers. The main advantage of LEDs over diode lasers is 
their lower cost. LEDs can be manufactured in different sizes and 
can be arranged in different configurations. LEDs are suitable for 
irradiation of superficial tumors [19, 47, 48]. However, arrays of 
LEDs [49] can be designed for endoscopic or interstitial use [50, 
51]. Due to low electrical to optical conversion efficiency of 
LEDs, thermal effect is a drawback, especially for interstitial 
applications.

Lamps were the earliest artificial light sources used in PDT studies 
[52, 53]. Incandescent, fluorescent, halogen, xenon arc, metal 
halide, and sodium lamps have been used in PDT. Although lamps, 
in principle, can be coupled to light guides, they suffer from huge 
coupling losses, so they are generally used to directly irradiate the 
tumor in case of superficial tumors, such as skin or oral cavity. Due 
to the broadband output spectrum of the lamps, heavy spectral 
filtering is needed to effectively select the photoactivating wave-
length spectral band matching the absorption band of the photo-
sensitizer and to remove the unnecessary infrared and ultraviolet 
radiations. Simplicity, economic considerations, and a wide illumi-
nation field are main advantages of lamps as light sources [54]. 
However, the use of broadband sources, such as lamps, compli-
cates dosimetry. Because the absorption of light by tissue varies 
with wavelength, tissue irradiated by a broad beam lamp will effec-
tively see a different spectrum at depth than at the surface. For 
most sensitizers, this has the effect of adding excitation from 
shorter wavelengths with shallower penetration in tissue, reducing 
the overall depth of treatment. In some cases, where very superfi-
cial treatment is desired, this is an advantage, but this is not often 
the case for ENT lesions.

A side effect of ability of lamps to excite photosensitizers is that 
the lamps used to visualize the tissue during intraoperative PDT 
procedures can cause unwanted photodynamic effects. The inten-
sity and duration of illumination should therefore be minimized, 
and surgical lights, which are typically very intense and contain a 
significant spectral component in the sensitizers’ Soret band, 
should be filtered whenever possible.

LEDs

Lamps
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Delivery Devices

Successful PDT depends on the ability of localized light delivery 
throughout the entire treatment region. The tumor, therefore, 
should be optically accessible either directly, endoscopically, or 
interstitially through specially designed light delivery probes. Based 
on the mode of light delivery to the target tissue, PDT optical 
delivery devices are categorized into three groups: noncontact, 
contact, and interstitial probes.

Optical fibers are the main component of flexible light deliv-
ery systems. Optical fibers are, fundamentally, composed of two 
concentric dielectric cylinders: core and cladding. Usually, there 
is a protective buffer layer (plastic) around the cladding and a 
protective jacket around the fiber. As schematically shown in 
Fig. 3, the core is surrounded by the cladding and has slightly 
higher refractive index than the cladding (nc > ncl); therefore, a ray 
of light incident within the “acceptance cone” of the fiber on the 
entrance surface of the core (red ray in Fig. 3b) will impinge on 
the core-cladding boundary at an angle greater than the critical 
angle, θc=Sin-1(ncl/nc), and is “trapped” inside the core, totally 
internally reflected at the core- cladding boundary and guided 
through the core. Rays incident on the entrance face of the fiber 

Fig. 3 (a) Structure of an optical fiber and (b) illustration of the acceptance cone of the fiber. A ray of light 
incident within the acceptance cone on the entrance face of the fiber will strike the core- cladding interface 
with an angle (θi) greater than the critical angle (θc) and is guided through the fiber by total internal reflection 
(TIR). Panel (b) is reproduced from Darafsheh [55] with permission
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with angles greater than the acceptance angle will impinge on the 
core-cladding boundary at angles smaller than θc, will be only 
partially reflected at each encounter with the core-cladding 
boundary and will quickly leak out of the fiber. The acceptance 
angle defines a cone of angles (acceptance cone) within which all 
rays are guided in the fiber. For optical power delivery, multi-
mode fibers, which can be considered “light pipes,” are used.

Transmission loss in optical fibers is extremely small for short- 
haul applications. Coupling loss and reflection losses at both ends of 
the fiber are minimized by antireflection coating of the fiber ends. 
As a result, for practical applications, the fiber can be made long 
enough to accommodate any treatment configuration (including 
having the laser in a separate room from the patient), with negligi-
ble loss of power in transmission. Special couplers are designed to 
optimize the coupling between laser and fiber by matching their 
numerical apertures (NA). The NA is a quantitative parameter of 
optical fibers and is related to the critical angle in the fiber that 
defines a cone of angles within which all rays are guided in the fiber 
by total internal reflection, as shown in Fig. 3b. Mathematically, 
NA o a c cl= = −n n nsinθ 2 2 , where no is the refractive index of the 
medium in which the fiber’s tip is inserted (no = 1 for air) and θa 
is the half-angle of the fiber’s acceptance cone, as illustrated in 
Fig. 3b. Practically, the NA is defined as the sine of the angle at 
which the output optical power falls to 5 % of the peak value.

In PDT applications, since the treatment area should be uniformly 
irradiated to maximize the damage to the malignant tissues and 
minimize the damage to adjacent healthy tissues, a micro (or 
macro)-lens or a diffusing cap is connected to the distal end of the 
optical fiber to modify the output optical field to a uniform illumi-
nation. Back focal length of a microsphere-lens (ball lens) with 
radius R >> λ (λ is illumination wavelength) and refractive index n, 
measured from its “shadow-side” pole, is given by R(2 − n)/
[2(n − 1)]; therefore, depending on its refractive index, the micro-
sphere focuses light on its “shadow-side” surface (n ≈ 2), inside of 
(n > 2), and outside of the lens (n < 2) [55]; the focused light 
diverges while propagating to the far field and produces a uniform 
light distribution over a desired circular area. Microlenses are ideal 
for treatment of flat, accessible surfaces and have been used exten-
sively for treatment of skin lesions. In head and neck PDT, their 
use is limited to superficial disease, for instance in the oral cavity.

On the other hand, diffusing tips uniformly distribute the 
transmitted light along their length. Fibers with diffusing tips are 
made by introducing surface roughness or scattering particles in 
the cladding- core boundary along the desired length of the tip. 
The resulting applicator emits light approximately isotropically 
and uniformly along its length. Probes with diffusing tips can be 
applied interstitially into the tissue via transparent catheters. 
Interstitial PDT can take advantage of the mature technology 
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already developed for interstitial brachytherapy. In brachytherapy, 
radioactive seeds incorporated into plastic strands or ribbons are 
inserted into plastic catheters implanted in the tissue and deliver a 
dose of ionizing radiation. Because the radioactive seeds in most 
common use are of similar diameter to a diffusing optical fiber, 
these same catheters can accommodate optical fibers with little or 
no modification. Furthermore, two- and three-dimensional imag-
ing techniques developed to localize radioactive seeds within tis-
sue can be applied to optical fibers with only minor modification. 
Some manufacturers supply optical fibers with radio-opaque 
markers at their ends specifically to facilitate X-ray imaging for this 
purpose. Although commercially available diffusors are generally 
designed to provide uniform emission over their length, it is pos-
sible to make custom diffusors, with light emission profiles 
designed to match specific treatment plans [56].

For hollow organs, such as larynx [20] or esophagus [57], dif-
fuser balloons [58] are used to provide uniform illumination over 
the interior tissue surface. These devices consist of a linear diffuser 
inserted into a cylindrical balloon. The balloon serves two pur-
poses: it ensures that the diffuser is centered in the organ so that all 
sides receive equal irradiance, and also provides a uniform, smooth 
surface by dilating the tissue. This is particularly important in tis-
sues such as the esophagus which might otherwise fold and con-
tract around the applicator, partially shielding some areas of tissue, 
while overexposing others.

Specific treatment geometries may require specialized delivery 
devices. For instance, for the treatment of nasopharyngeal disease, 
Nyst et al. [59] have developed a delivery device consisting of dual 
catheters for the insertion of diffusing fibers and isotropic detec-
tors and black silicone shielding designed to protect the soft 
palate.

Detectors and Dosimetry

Dosimetry by definition refers to the measurement of dose deliv-
ered to the target tissue. In the case of PDT, “dose” in its simplest 
form is taken to be the light energy delivered per unit mass of tis-
sue (in J/kg). This definition of dose is consistent with that used in 
ionizing radiation therapy (i.e., Gy). However, sometimes the term 
dose or optical dose is used to indicate delivered radiant energy 
fluence, i.e., optical energy delivered to unit surface of the target 
tissue (in J/cm2), that makes the term “optical dose” context 
dependent. Nevertheless, throughout this section, we will use 
“PDT dose” to mean energy delivered per unit mass of tissue. 
More sophisticated measures of photodynamic dose will be dis-
cussed in detail later in the chapter. Any definition of dosimetry, 
however, must include accurate quantification of the intensity of 
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light delivered to the tissue, as described in the previous chapter. 
This includes accurate calibration of the light source and delivery 
devices, as well as any measurements made during treatment.

Proper calibration of the light source used for PDT is essential to 
accurate light delivery. Clinical dye and diode lasers are generally 
digitally controlled, allowing the output power to be set using a 
digital display. Internal monitoring electronics ensure constant 
output; however, they generally are not capable of monitoring 
transmission losses in the fiber or changes in fiber output. Therefore, 
care should be taken to ensure that the power delivered to the 
treatment device is accurate. Guidelines for calibration of PDT 
light sources have recently been published by the American 
Association of Physicists in Medicine (AAPM) [60]. The following 
discussion generally follows these guidelines.

Most light sources require some warm-up time to stabilize 
before they should be calibrated. Dye lasers may exhibit instabil-
ity in power until they reach thermal equilibrium. Incandescent 
lamps exhibit highly temperature-dependent power consumption. 
These sources should be allowed to warm up before setting the 
source power.

Diode lasers have the additional complication that their output 
wavelength is temperature dependent. Diode lasers are typically 
actively cooled and maintain their wavelength via precise thermal 
regulation. However, at high power, the temperature, and there-
fore the wavelength, may drift. Therefore, it is recommended that 
diode lasers be warmed up and both the power and wavelength 
allowed to stabilize before power or wavelength calibration mea-
surements are made.

The power transmitted to the tissue will depend on the deliv-
ery device being used. If possible, the delivery device and the laser 
should be calibrated together, and the power should be measured 
at the output of the delivery device. If the delivery device produces 
collimated output, as with flat-cut fibers and microlenses, the out-
put can be measured with a calibrated optical power meter. In gen-
eral, thermopile detectors are appropriate for measuring clinically 
relevant laser power. The geometry for measuring the power of a 
fiber with flat-cut and microlens tip is shown in Fig. 4a, b. The 
power meter should be sufficiently large and positioned close 
enough to the fiber termination that the light field under-fills the 
detector and the entire beam is collected. The irradiance at any 
point in the light field can then be calculated by dividing the mea-
sured optical power by the area of the projected beam. This calcu-
lation assumes that the beam is spatially uniform, which should be 
verified by independent measurement.

When a diffusing applicator is used, an optical power meter 
will generally only measure a fraction of the light output from 
the device. In this case, an integrating sphere should be used to 
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calibrate the device. The integrating sphere, illustrated in Fig. 4c, 
is a hollow sphere of sufficient size to contain the entire source, 
internally coated with a highly diffuse reflective material, so any 
light originating within the sphere will be scattered multiple times 
and have an approximately uniform probability of intersecting the 
detector, regardless of its position or direction of origin. To prop-
erly calibrate an integrating sphere, it is essential that the source be 
separated from the detector by a baffle whose geometry ensures 
that only multiply scattered light reaches the detector. The combi-
nation of sphere and detector can be calibrated by measuring a 
source of known power and establishing the relationship between 
the total power injected into the sphere and the reading measured 
by the detector. In general, this relationship will be independent of 
source geometry.

While it is essential to calibrate the output of the light sources and 
delivery devices, this calibration ignores the largest source of vari-
ability in PDT treatment, namely the patient. Because tissues can 
vary widely in absorption and scattering coefficients, geometry, 
and accessibility, the dose delivered to two different patients by the 
same light source and delivery device may be significantly different. 
Fortunately, it is possible to measure the optical energy fluence 
delivered to the tissue, either on the surface or at depth. The most 
suitable device for these in vivo measurements is the fiber optic- 
based isotropic detector. This detector consists of an optical fiber 
terminating in a spherical tip with a very high scattering coefficient, 
as shown in Fig. 5. Its operation is essentially the reverse of that of 
a diffusing optical fiber delivery device. Instead of diffusing light 
from the fiber into the surrounding tissue, the isotropic detector 
collects light isotropically and conducts some fraction of it via mul-
tiple scattering into the core of the fiber. Because their detection is 

In Vivo Light 
Dosimetry

Fig. 4 Schematic of output power measurement for a fiber with (a) flat-cut, (b) microlens, and (c) diffusing tip
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isotropic, these detectors measure fluence rate, including both 
incident irradiance and light scattered from tissue. Because photo-
sensitizer molecules on average absorb light isotropically, the pho-
todynamic effect is dependent on fluence rate, not incident 
irradiance, making the isotropic detector well suited to PDT 
dosimetry. It has been shown that significant errors can result from 
performing in vivo dosimetry with a flat (irradiance) detector that 
does not capture backscattered light [61].

Because isotropic detectors rely partially on multiple reflec-
tion at the interface between the detector and the medium in 
which they are embedded to collect light, their sensitivity depends 
on the refractive index mismatch at that interface [62]. The likeli-
hood of a photon scattering, being reflected back into the sphere 
and making its way into the fiber, as shown by green path in Fig. 5, 
is greater when the index mismatch is greatest. The difference in 
sensitivity between air and water, for example, can be as much as 
80 %, making index-appropriate calibration essential.

Isotropic detectors can be made small enough to insert inter-
stitially via catheters and robust enough to be placed directly on 
the tissue surface or sutured into the walls of cavities. They have 
become the gold standard for in vivo light dosimetry and should 
be used whenever possible. In addition, measurements made at 
multiple locations can be used to determine the detailed light dis-
tribution in tissue and, when coupled with an appropriate light 
source, to determine tissue optical properties [63].

Light dosimetry is essential, but neglects the effects of variable sen-
sitizer concentration and tissue oxygenation. Several strategies 
have been proposed to address this deficiency, as described in the 
previous chapter. They can generally be categorized as explicit, 

Beyond Light 
Dosimetry

Fig. 5 Schematic of an isotropic detector. Incident photons from all directions 
are scattered inside the sphere. Some photons reach the fiber through diffusion 
and some escape the sphere. The index of refraction mismatch at the boundary 
influences the probability of scattering back into the sphere and therefore the 
sensitivity of the detector
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implicit, or direct dosimetry [64]. Explicit dosimetric techniques 
rely on characterization of the sensitizer concentration, tissue oxy-
genation, and light dose independently, and a model of photody-
namic effect capable of combining them into a prediction of tissue 
response. While each component required for explicit dosimetry 
can be measured using well-established techniques, measuring all 
of them simultaneously in a clinical setting is challenging. Several 
approaches to near-real-time explicit dosimetry have been devel-
oped. If the sensitizer is fluorescent, a beamsplitter can be used to 
separate the signal collected by an isotropic detector into treatment 
light (for light dosimetry) and fluorescence emission (for sensitizer 
distribution measurement) [65]. It has been shown that optical 
properties, light dose, and tissue oxygenation can be measured 
using one or more isotropic detectors coupled to spectrometers, 
with a separate fiber- based detector for sensitizer fluorescence 
[66]. Similar measurements have been obtained with flat-cut fibers 
coupled to a system with internal fiber switches that allow each 
fiber to provide treatment light, white light, or fluorescence excita-
tion or to act as a detector [67].

Regardless of the methods for determining sensitizer concen-
tration, oxygenation, and light dose, a theoretical model is required 
to combine them into a predictor of response. If singlet oxygen is 
the primary cytotoxic agent responsible for tissue response, then 
the net photochemical consumption of oxygen (or, equivalently, 
the concentration of singlet oxygen reactions) is a reasonable pre-
dictor of outcome. In simple cell models, this metric can be spa-
tially quantified, and predicts cell killing on the scale of single cells. 
Extension to clinical use, however, presents a challenge: The scale 
of variability of photochemical reactions is much smaller than the 
typical treated volume, and only volume-averaged measurements 
of sensitizer, oxygenation, and light dose are generally available. 
This has led to the development of approximate macroscopic mod-
els of singlet oxygen deposition [68, 69]. The photophysical 
parameters required for these models (see section “Photosensitizers”) 
may differ from their corresponding microscopic values, but the 
model has the potential to overcome some of the limitations of 
drug–light product dosimetry.

Implicit dosimetry, in contrast, uses a measurable surrogate for 
tissue damage. The originally proposed metric was the photo-
bleaching of the sensitizer itself [64]. If the sensitizer is bleached 
primarily by the singlet oxygen it generates, the extent of photo-
bleaching will be predictive of the local tissue response. This effect 
has been confirmed in tumor spheroid models [70, 71], and ani-
mal models [72, 73], and used as a metric to reduce pain in clinical 
treatment of skin cancer [74]. The caveat remains that it is valid 
only when the bleaching and tissue damage are mediated by the 
same mechanism. Sensitizers may exhibit photobleaching that is 
not predictive of dose for a variety of reasons [75–77]. Therefore, 
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care must be taken to verify the accuracy of implicit dosimetry 
prior to clinical implementation. As in the case of explicit dosime-
try described above, it is possible to quantify photobleaching based 
on measurements of sensitizer fluorescence excited by the treat-
ment light [20].

Photosensitizers

The final parameter over which the clinician has direct control is 
the choice of sensitizer. At a fundamental level, the sensitizer’s 
role in photodynamic therapy depends on a small number of key 
photophysical parameters. In the following discussion, we will 
use the notation of the Foster laboratory [70, 71]. The funda-
mental parameters and the relationships between them are sum-
marized in Fig. 6.

A molecule at room temperature normally resides in the 
ground state. The ground state in almost all molecules is a singlet 
state but molecular oxygen is an exception. There exist two 
unpaired electrons in the outermost orbital of ground-state 
molecular oxygen that makes it a spectroscopic triplet state since 

Fig. 6 Graphical illustration of fundamental photophysical parameters during 
photodynamic action. Photosensitizer in its ground state (S0) is excited to its 
singlet state (S1) by absorption of light. Through intersystem crossing (ISC) pro-
cess the sensitizer decays to its triplet excited state (T1). In Type I photochemical 
reaction pathway, interaction of excited sensitizer and surrounding molecules 
leads to production of free radicals. In Type II pathway, energy is transferred 
through the decay of T1 state sensitizer to ground-state molecular oxygen (3O2) 
that creates reactive singlet oxygen (1O2). kf, kisc, kp, kot, kd, and koa are, respec-
tively, rate constants for fluorescence, intersystem crossing, spontaneous relax-
ation of T1 state, collision with ground-state oxygen, spontaneous relaxation of 
1O2, and reaction of 1O2 with cellular targets
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the combined spin of electrons can acquire any of three quantum 
states. In contrast, molecular singlet oxygen constrained to have 
only one spin  quantum state because it has two paired electrons 
in a single orbital. Singlet and triplet states refer to the multiplic-
ity of the molecule. Transition from the triplet to the lowest lying 
singlet state in molecular oxygen requires ~0.98 eV energy [78]. 
It should be noted that although visible light has enough energy 
(3.1 > E > 1.65 eV for 400 < λ <750 nm) to derive this transition, 
direct transition by optical means is forbidden due to molecular 
quantum selection rules. According to quantum selection rules, 
triplet–singlet interactions are spin forbidden, while triplet–trip-
let interactions are spin allowed. Therefore, it is necessary to use 
a photosensitizer that is elevated to a triplet state by absorption 
of optical energy and transfers the energy to molecular oxygen 
through collision. This interaction is spin allowed because both 
excited-state photosensitizer and ground-state molecular oxygen 
are triplet states.

The PDT process begins with absorption of light by the pho-
tosensitizer that initiates reactions generating cytotoxic species, 
such as singlet oxygen, free radicals, and peroxides. The sensitizer, 
initially in its singlet ground state (S0), absorbs a photon and is 
elevated to its first excited state (S1), which is also a singlet state. 
The absorption spectrum of the sensitizer is determined by the 
energy gaps between the ground state and the excited states of the 
sensitizer. It is possible to excite higher-energy states (S2, S3, etc.), 
but in most sensitizers, these higher-energy states quickly decay to 
the S1 or an excited triplet state (T1), so they result in the same 
photochemistry as excitation to S1. The rate of excitation to S1 
state depends on the fluence rate of light, the extinction coefficient 
of the sensitizer at the wavelength of the treatment light (ε), and 
the concentration of ground-state sensitizer. The light fluence rate 
is the only parameter that is under direct control at the time of 
treatment.

Once in the S1 state, the sensitizer can either spontaneously 
decay back to the S0 state, often with the emission of a fluorescence 
photon, or transition to an excited triplet state (T1) with a change 
in the spin of one electron, a process known as intersystem cross-
ing (ISC). These two processes are simultaneous and competitive. 
A sensitizer with a very high fluorescence quantum yield necessarily 
has a low intersystem crossing yield, and vice versa. If the sensitizer 
has a sufficiently high intersystem crossing yield, it will accumulate 
a population in the T1 state. Reactions of T1 state with surrounding 
medium are more favorable due to its longer lifetime (~μs) com-
pared with that of the S1 state (~ns) and have been classified in two 
pathways. In the Type I reaction pathway, free radicals are pro-
duced due to hydrogen- atom abstraction or electron transfer 
between the excited sensitizer and surrounding molecules; the 
produced free radicals can react with oxygen molecules to form 
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reactive oxygen species (ROS). In the Type II reaction pathway, 
singlet oxygen (1O2) is generated due to energy transfer between 
the triplet-state sensitizer and ground-state molecular triplet oxy-
gen (3O2). As mentioned earlier, triplet–triplet interactions are spin 
allowed according to quantum selection rules. It should be noted 
that both Type I and II reactions can occur simultaneously; type of 
photosensitizer and the concentrations of substrate and oxygen 
determine the ratio between these pathways [79]. Nevertheless, 
the Type II pathway is the dominant mechanism of PDT and is 
discussed in more detail in the following. Photosensitizer mole-
cules in the T1 state can decay spontaneously to the S0 state with 
the emission of a phosphorescent photon. Alternatively, the decay 
of sensitizer molecules in T1 state to their ground state can be 
accompanied by transfer of energy, via collision, to ground-state 
triplet molecular oxygen present in the tissue to form singlet oxy-
gen. These processes are competitive. In the absence of oxygen, 
the decay is dominated by phosphorescence, and the lifetime of T1 
state is long. When oxygen is present, it rapidly interacts with mol-
ecules in the T1 state, so the T1 state lifetime is short and the phos-
phorescence yield is low. This makes it possible to use a sensitizer 
with detectable phosphorescence emission as an oxygen sensor 
[80], or, conversely, a phosphorescence-based oxygen sensor as a 
sensitizer [81]. The goal of clinical PDT is to produce singlet oxy-
gen, so it is advantageous to have a low rate constant for spontane-
ous relaxation of T1 state (kp) and hence a long T1 lifetime.

Singlet oxygen is relatively stable in the absence of reaction 
targets, with a 45 min lifetime in the gas phase [82] and a 2–200 
μs lifetime in liquids [83]. Although singlet oxygen molecules can, 
in principle, decay to their ground states, in a target-rich environ-
ment they will generally react before they have enough time to 
spontaneously decay. It is the reaction with targets that cause the 
cellular damage responsible for the PDT effect. The short lifetime 
of singlet oxygen (~ns) in biological environments constrains sin-
glet oxygen- mediated damage to the immediate vicinity within 
tens to hundreds of nanometers of its generation [84, 85]. 
Therefore, the cellular location of the sensitizer will determine the 
site of singlet oxygen damage.

In general, the generation of singlet oxygen returns the sensi-
tizer molecule to its ground state, so no sensitizer is consumed in 
the process. However, there are several potential reactions that can 
degrade the sensitizer, collectively known as photobleaching. They 
can involve reaction of singlet oxygen generated by a sensitizer 
with the sensitizer molecule itself, directly or via intermediate reac-
tions, or reactions of excited-state sensitizer molecules with cellular 
targets. These different reactions can have very different conse-
quences for PDT dosimetry [70], particularly in the case of implicit 
dosimetry [64].
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Over the last half-century, there have been many attempts to 
develop better sensitizers. In general, the differences between sen-
sitizers can be understood in terms of their basic photophysical 
parameters and their localization within cells and tissues, all of 
which can be modified via changes in their chemical structure or 
delivery vehicle. These differences can explain the clinically observed 
differences in biological effectiveness of different sensitizers.

The first parameter that can be adjusted in the development of 
photosensitizers is the absorption spectrum. The ideal sensitizer 
would have a high extinction coefficient in regions of the spectrum 
where tissue is not highly absorbing. This has led to the develop-
ment of photosensitizers with absorption peaks at longer wave-
lengths. As shown in Fig. 1, the optimal wavelength is in the 
near-infrared region around 750 nm. Light penetration is limited 
by hemoglobin and melanin absorption at shorter wavelengths and 
by water absorption at longer wavelengths.

Triplet formation quantum yield, defined by the number of 
photosensitizer molecules excited to T1 state per absorbed photon, 
can also vary among photosensitizers. The ideal photosensitizer 
would have a large triplet quantum yield; however, a triplet yield 
very close to 1 precludes fluorescence, which may be a disadvan-
tage, as  fluorescence is useful for both implicit and explicit dosim-
etry. The product of the sensitizer’s extinction coefficient, its local 
concentration in tissue, and its quantum yield give the rate of trip-
let production per unit fluence rate of light. While this argues for 
sensitizers with high extinction coefficients and triplet yields, low 
extinction coefficient can be compensated by an increase in sensi-
tizer concentration, as long as the sensitizer’s dark toxicity is not a 
limiting factor. Therefore, a sensitizer with a moderate extinction 
coefficient but a very low dark toxicity might be preferable to a 
highly absorbing but toxic sensitizer.

The limited diffusion distance of singlet oxygen means that 
the subcellular location of photodynamic damage is determined 
primarily by the sensitizer’s subcellular localization. Sensitizers 
localize in different subcellular locations depending on their 
structure and route of administration. Many porphyrin-based 
sensitizers accumulate in mitochondrial membranes. This makes 
them particularly likely to cause mitochondrial damage and loss 
of mitochondrial membrane potential, which in turn triggers 
apoptotic cell death. Of particular interest is the prodrug 
ALA. ALA itself is not a sensitizer, but it enters the heme biosyn-
thesis pathway downstream of its usual regulatory feedback steps. 
ALA is synthesized into a series of porphyrins culminating in 
PpIX, which is an effective photosensitizer. The final step in the 
biosynthetic pathway, incorporation of iron into the PpIX ring to 
form heme, is limited by the available supply of ferrochelatase 
and is overwhelmed by an excess of ALA, leading to a temporary 
accumulation of PpIX. Because these synthesis steps take place in 
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and around the mitochondrial membrane, PpIX accumulates 
preferentially in the mitochondria.

Other sensitizers have been shown to accumulate in various 
other organelles, including lysosomes, Golgi apparatus, and endo-
plasmic reticulum [79]. The site of localization may vary among 
cell types. The localization can also be dynamic. For instance, some 
sensitizers can change their localization in response to the singlet 
oxygen that they themselves generate upon exposure to light [86]. 
A similar effect has been exploited for photochemical internaliza-
tion [87], in which a sensitizer is used to enhance the delivery of 
another agent.

On a macroscopic level, the distribution of sensitizers among 
different organs depends on a number of factors. When sensitizers 
are administered intravenously, the time interval between the 
administration of the sensitizer and the start of irradiation (the 
drug–light interval) is critical. At early times after injection, many 
sensitizers are confined to the vasculature. Irradiation at short 
times can be used to target vasculature specifically. This approach 
has been used for treatment of prostate cancer [88] and macular 
degeneration [89]. At later times, the sensitizer is more likely to be 
distributed in tissue. Therefore, tuning the timing of irradiation 
can enhance or suppress the vascular effect in PDT [90]. Vascular 
response to PDT can be remarkably complicated [91, 92] and it is 
not always clear what the ideal drug–light interval is.

In addition to the drug–light interval, the duration of cutane-
ous photosensitivity is an important consideration. First-generation 
sensitizers can cause unwanted skin sensitivity for as long as 2 
months. While the consequences of skin photosensitivity can be 
managed, they cause inconvenience for patients. As a result, many 
newer sensitizers have been designed to have faster clearance from 
the skin. Perhaps the most successful of these is ALA/PpIX. The 
excess PpIX is rapidly consumed as the heme biosynthetic pathway 
comes back into equilibrium. The skin sensitivity resulting from 
PpIX sensitization therefore can be as short as a few days.

Finally, we mention typical doses of drug and light energies 
used in PDT. As mentioned earlier, Foscan® and Photofrin® are 
two photosensitizers that have been most extensively used in 
PDT of head and neck cancers. The typical drug dose of Foscan® 
for head and neck PDT is 0.15 mg/kg body weight administered 
intravenously; the drug–light interval is 90–110 h and then the 
target tissue is illuminated at wavelength of λ = 652 nm to deliver 
optical energy fluence of 20 J/cm2 at fluence rate of 100 mW/
cm2. The exposure time (in seconds) is given by the ratio of 
energy fluence (in J/cm2) and fluence rate (in W/cm2). Note that 
not only the light fluence but also the fluence rate affects the 
PDT response [93]. Therefore, for each specific tumor, the total 
energy fluence and fluence rate are predetermined values based 
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on clinical trials. Systemic elimination of Foscan® and Photofrin® 
takes approximately 3 and 6 weeks, respectively. In the case of 
Photofrin®, depending on tumor type, various combinations of 
drug dose and light fluence have been used clinically: drug dose 
in the range of 1.5–5 mg/kg administered intravenously, drug–
light intervals of 24–48 h, and the light fluence in the range of 
50–150 J/cm2 at fluence rate of 100–150 mW/cm2 at λ = 630 nm 
[33]. ALA-mediated PDT for head and neck cases has been 
reported in fewer studies than Foscan® and Photofrin®. In ALA- 
mediated PDT for head and neck mucosal dysplasia, a drug dose 
of 60 mg/kg administered systemically, drug–light intervals 
between 3 and 5 h, and optical energy fluence of 100 J/cm2 at 
fluence rates of 100–150 mW/cm2 at illumination wavelength of 
λ = 635 nm have been reported with posttreatment skin photo-
sensitivity of less than 24 h [39].

New Technologies

There are various avenues of research in progress in the design of 
localized and flexible light sources, delivery methods, and devices 
for PDT. Within the paradigm of cancer nanotechnology [94, 95] 
ongoing effort has been aimed at targeted delivery of drugs. This 
direction relies on the ability to identify and grow nanoparticles 
with high tumor uptake selectivity. Certain nanoparticles can 
potentially be used to carry photosensitizer molecules and be 
actively taken up by tumor cells [96], attach to tumor cells and 
deliver singlet oxygen while maintaining the embedded photosen-
sitizer [97], or act as a light source [98–100] (quantum dots).

Another research direction is connected with the combination 
of PDT and radiotherapy [101–105]. Scintillating nanoparticles 
attached to photosensitizers and molecular targeting agents were 
proposed as in vivo light sources for simultaneous PDT and radio-
therapy [106, 107]. Scintillation or persistent luminescence of 
such nanoparticles, when exposed to ionizing radiation, such as 
X-rays, activates the photosensitizer and initiates the PDT. In this 
way, deep tumors can be treated due to the penetration of X-rays 
and cellular targeting of PDT [108]. This direction can be further 
developed by exploiting Čerenkov radiation for simultaneous PDT 
and radiotherapy. Čerenkov radiation occurs when charged parti-
cles travel faster than the phase velocity of light in a given dielectric 
medium [109–112]. It has been demonstrated that Čerenkov radi-
ation induced by external beam irradiation can lead to molecular 
fluorescence [113]. In principle, such a fluorescence emission can 
be used to excite a photosensitizer. However, due to the very low 
intensity of the Čerenkov radiation, the PDT would be probably 
done under ultralow [114] fluence rate which requires the photo-
sensitizer to be highly selectively taken up by the tumor. In any 
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application involving simultaneous PDT and radiotherapy, it is 
important to be aware of the significant differences in the total 
energy deposited by the standard treatments in each modality. 
The typical total energy delivered in a stand-alone PDT treatment 
is 4–5 orders of magnitude higher than that in a typical course of 
ionizing radiation therapy. Hence, any strategy that relies on ion-
izing radiation to power PDT, even with 100 % conversion effi-
ciency, must depend on very low dose rate PDT and synergy with 
radiation damage.

Another research avenue in developing new localized light 
sources is connected with in vivo chemiluminescence (biolumines-
cence) [115, 116]. For example, it was proposed [115] that suffi-
cient photoactivation light to release singlet oxygen is generated as 
a consequence of the intracellular proximity of d-luciferin and a 
 photosensitizer, when they are taken up by luciferase-transfected 
cells. While this mechanism is potentially feasible, it further com-
plicates the dosimetry by adding another factor (the luciferase 
transfection vector) that must be included in the calculation of 
dose. In addition, because this method relies on transfection of 
cells with luciferase genes, it is useful for animal research, but 
unlikely to be applied in patients.

In terms of development in light delivery devices, they are 
under continuous development to match different tumor site 
geometries. For instance, a flexible light source has been designed 
using a light patch [117] based on high-intensity chemilumines-
cence for topical activation of ALA. Upon activation, the light 
patch emits blue light (431–515 nm), and due to its short wave-
length, it has a shallow penetration in tissue that makes is suitable 
for superficial treatments, such as actinic keratosis [118].

Another flexible light delivery system is designed based on a 
textile diffusor composed of plastic optical fibers [119–121]. Due 
to its flexibility, it can cover the tumor site while irradiating it. To 
reduce the complexity of the design, a “light blanket” has been 
designed by coiling a single diffusing optical fiber in a rectangular 
region inside flexible plastic layers (PVC) to achieve a uniform irra-
diation field [122, 123]. The proximal end of the fiber is coupled 
with the desired laser source and the portion of its length which is 
swirled inside the plastic blanket is side-emitting.

Recently, “point source” delivery of photosensitizer and sin-
glet oxygen by using a microoptic device has been suggested to 
improve the localization of the PDT. In this method, 669 nm 
light from a diode laser and oxygen gas are transmitted through a 
hollow core optical fiber; light–drug interactions in the micro-
probe lead to the formation of singlet oxygen molecules that 
emerge from the mesoporous fluorinated silica tip toward the target 
tissue [124]. Clinical application of this method involves several 
challenges; for example, due to extremely short diffusion length 
of singlet oxygen, the probe must be held in almost contact with 
the target tissue, which might not be feasible for all tumors and 
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also requires a very precise monitoring and mechanical system. 
Since the treatment area is determined by the size of the tip, either 
a large size tip or a scanning tip is required.

Two-photon PDT [125] is an approach to extend PDT to 
near- infrared region of the spectrum based on simultaneous 
absorption of two photons whose total energy is sufficient for pho-
tosensitizer excitation. Two-photon excitation has been extensively 
used in microscopy [126] because of its ability to localize excita-
tion to a small volume. Similarly, two-photon excitation for PDT 
can localize the region of generation of singlet oxygen to a very 
small volume. This allows PDT-driven microsurgery of superficial 
lesions [125]. It should be noted that two-photon excitation does 
not necessarily address the problem of optical penetration depth; 
because the rate of sensitizer excitation depends on the square of 
the light intensity, the optical penetration depth is effectively 
halved for two-photon PDT. Research in this direction is toward 
producing new photosensitizers, some of which is based on 
advances in nanotechnology.

In addition to the aforementioned research directions related 
to PDT light sources and delivery methods, various research ave-
nues related to improving photosensitizers are aimed at synthesiz-
ing drugs with higher tumor selectivity; rapid accumulation in 
target tissue to reduce drug–light interval; and rapid clearance 
from the patient to minimize posttreatment cutaneous photosensi-
tivity period.
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    Chapter 20   

 Guidelines on Clinical Management                     

     Waseem     Jerjes       and     Colin     Hopper      

        Multidiscipline Involvement and Informed Consent 

 The management of head and neck malignancies is coordinated 
through a multidisciplinary team approach. The suggested 
treatments are discussed and a  decision   is made regarding the 
most appropriate treatment to the patient. Many factors tend to 
infl uence the decision-making process and it is not unusual for 
this process to be dominated by surgeons if the patient was pri-
marily referred for surgery, or by oncologists if the patient was 
referred for chemoradiation. This process is not straightforward 
and the decision-making is facilitated by further information 
about the histopathological and radiological status of the dis-
ease. Although Allied Health Care Professionals are less needed 
in the decision- making process, their preintervention assess-
ments are vital and help toward better care. Treatment of malig-
nancies depends on many factors including tumour size, nodal 
disease and surgical margins; the involvement of more than one 
modality is not uncommon especially in advanced, recurrent or 
palliative disease [ 1 – 24 ]. 

 In general, clinicians are less informed when it comes to  pho-
todynamic therapy (PDT)   compared to the conventional modali-
ties and as such tend to recommend that the patient undergo 
traditional treatments (i.e. surgery, radiotherapy and/or chemo-
therapy). Very few surgeons and oncologists are trained in PDT 
which led to this technology being offered to a small group of 
patients (in comparison) giving the impression that PDT is less 
effective than these modalities. On the other hand, there has been 
very little clinical evidence comparing  PDT ef  fect to these 
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modalities; many problems have been identifi ed including political, 
 logistical, funding and diffi culties in study designs and comparative 
technique [ 1 – 24 ]. 

 In an ethical environment, the patient is informed of the 
discussions that took place in the multidisciplinary team meeting 
and is offered more than one intervention (if applicable) with all 
the pros and cons being highlighted, including information 
about quality of life and survival. The patient should be allowed 
some time to think this through and no immediate decision 
should be sought. The clinician should be neutral in presenting 
the treatment options and only recommend an option if directly 
asked by the patient. The clinician should not advance a clinical 
trial option ahead of other options unless there is a guaranteed 
higher benefi t for the patient. The patient should be fully 
informed about what is required from him/her if took part in a 
clinical trial when it comes to extra samples, extra visits and all 
other investigations [ 1 – 24 ]. 

 The consent needs to be signed by the patient and should be 
fully informed. The patient can change his/her decision at any 
time and their wishes should be respected and accommodated. The 
patient can choose to withdraw from a trial at any time without 
affecting the suitability of other treatment options, if any. End- 
stage disease patients should be told about the prognosis to allow 
a fully informed decision-making and their wishes about whether 
they would want resuscitation or not [ 1 – 24 ].  

    General UCL/UCLH Guidelines for Management of Superfi cial Disease 

 Surface illumination  photodynami  c therapy is offered under 
local or general anaesthesia, using 5-ALA (for thin mild-moder-
ate dysplasia) and mTHPC (for thicker mild–moderate dysplasia, 
severe dysplasia and carcinoma in situ). A 60 mg/kg 5-ALA 
cream is applied topically 3–4 h prior to tissue illumination, 
while mTHPC is administered at a dose of (0.05–0.15 mg/kg) 
intravenously into the midcubital vein 96 h prior to treatment. 
This would allow the photosensitising chemotherapeutic agent 
to accumulate in the diseased area which would increase thera-
peutic effect. Patients are advised to avoid direct sunlight expo-
sure for 2 weeks if the drug was administered intravenously to 
avoid systemic photosensitisation, while topically applied drugs 
required shielding of the treated area from sunlight rather than 
the whole body [ 1 – 24 ]. 

 On the day of treatment, shielding of the macroscopically 
healthy surrounding tissue is employed when indicated to prevent 
collateral tissue damage (which can occur during photodynamic 
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therapy). A safety margin of 2–3 mm around the suspicious lesion 
is included and illuminated as part of the treatment to eliminate 
any microscopic disease. For 5-ALA-PDT, a single-channel 628 nm 
diode laser is used for illumination. The laser light delivery fi bre, 
with a core diameter of 400 μm, is held directly above the suspect 
area and light is delivered. Light is then delivered from the fi bres 
to the target tissue at 100 or 200 J/cm 2  per site. For mTHPC- 
PDT, A single-channel 652 nm diode laser is used for illumination. 
The laser light delivery fi bre, with a core diameter of 400 μm, is 
held directly above the suspect area (distance of 5 cm with 3 cm 
spot diameter). Light is then delivered from the fi bres to the target 
tissue at 20 J/cm 2  per site [ 1 – 24 ]. 

 Treatment is repeated to cover larger lesions and sometime 
needles are used to allow the optical fi bres to deliver light to the 
base of the superfi cial disease (Figs.  1 ,  2  and  3 ). Special grids can 
be made, and with preoperative imaging, further  roun  ds of treat-
ment may be given, if indicated, where additional pathology necro-
sis and removal are deemed appropriate; the recommended 
minimum interval is 4 weeks between treatments [ 1 – 24 ].

         General UCL/UCLH Guidelines for Management of Deep Pathology 

 The photosensitising agent used for deep-seated pathologies is 
mTHPC (Foscan™) which is licensed for the palliative treatment 
of advanced head and neck squamous cell carcinoma patients, who 
failed prior therapies and unsuitable for radiotherapy, surgery or 
systemic chemotherapy. The agent is administered in specialist sur-
gical oncology centres under the supervision of surgeons experi-
enced in photodynamic therapy. mTHPC is usually administered at 
a dose of 0.15 mg/kg intravenously into the midcubital vein 96 h 
prior to treatment. This would allow the agent to accumulate in 
the pathological area which would increase its effect. Patients are 
usually kept in a side room (with a dim light) to avoid systemic 
photosensitisation [ 1 – 24 ]. 

 Contraindications of the drug include  porphyria   or other dis-
eases exacerbated by light, hypersensitivity to temoporfi n, known 
allergies to porphyrins, tumours known to be eroding into a major 
blood vessel in or adjacent to the illumination site, a planned surgi-
cal procedure within the next 30 days, coexisting ophthalmic dis-
ease likely to require slit-lamp examination within the next 30 days 
and existing therapy with a photosensitising agent. While its side 
effects include injection site reactions (i.e. injection site pain and 
burning sensation), tumour/local tissue reaction (i.e. pain, 
 haemorrhage, facial pain and/or edema, scar formation and tris-
mus, intraoral ulceration and/or necrosis, skin ulceration and/or 
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necrosis, dysphagia and localised infection), phototoxic events [i.e. 
skin burn (1st–3rd degree), hyperpigmentation and other photo-
sensitive events] and other general events (i.e. anaemia, nausea, 
vomiting, constipation and giddiness) [ 1 – 24 ]. 

 Advanced tumours and vascular anomalies can be treated, sal-
vage or palliative with the aim to reduce the tumour bulk to allevi-
ate symptoms and control bleeding, improve function and control 
pain. Healing usually occurs with minimal scarring and the proce-
dure can be repeated with little cumulative toxicity. There is 

  Fig. 2    Surface illumination PDT of multiple basal cell carcinomas and actinic keratosis       

  Fig. 1    Clinical image showing surface illumination photodynamic therapy of the 
oral cavity. Thick black thermal wax can be seen; this is usually used for shield-
ing macroscopically healthy tissue in the oral cavity. The fi gure is adapted from 
authors’ own article: Jerjes W, Upile T, Hamdoon Z, Alexander Mosse C, Morcos 
M, Hopper C. Photodynamic therapy outcome for T1/T2 N0 oral squamous cell 
carcinoma. Lasers Surg Med. 2011;43(6):463–9       
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sparing of tissue architecture, providing a matrix for regeneration 
of normal tissue [ 1 – 24 ]. 

 Intraoperative imaging-guided needle insertion into the 
tumour mass has enabled more accurate identifi cation of tumour 
centre and periphery. Here a three-dimensional application therapy 
is enabled. This is usually aided by a specialist in head and neck 
interventional radiology. To date guiding modalities included two- 
dimensional- ultrasound (2D-US), magnetic resonance imaging 
(MRI), computed tomography (CT), nasoendoscopy, laryngos-
copy and bronchoscopy. The model of US-guided photodynamic 
therapy is described here [ 1 – 24 ]. 

 Intraoperatively, an ultrasound (EMP 1100 with high- 
resolution) probe is used to examine the pathological tissue 
(centre and periphery). The main aim here is to determine 
tumour volume, depth, invasion of vascular structures, hollow 
organs or hard tissue (Figs.  4 ,  5  and  6 ). This is usually fol-
lowed by insertion of 18 Gauge 70 mm long spinal needles 
under US guidance into the pathological tissue. Great care is 
taken to ensure that the needles are inserted parallel to each 
other with 1 cm distance in between. If the treatment is close 
to a major blood vessel, a safety distance of 1 cm between the 
needle and the vessel is implemented to avoid any possible risk 
to promoting rupture in case the vessel wall contained tumour 
(Fig.  7 ) [ 1 – 24 ].

      A four-channel 652 nm diode laser is used for illumination. 
Bare polished tip laser light delivery fi bres with a core diameter of 
400 μm are introduced through the spinal needles into the tumour. 

  Fig. 3    Interstitial PDT of multiple skin squamous cell carcinomas       
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  Fig. 5    Ultrasound image showing the base of a tongue tumour. Note the needle 
inserted into the tumour. The fi gure is adapted from authors’ own article: Jerjes W, 
Upile T, Vincent A, Abbas S, Shah P, Mosse CA, McCarthy E, El-Maaytah M, Topping W, 
Morley S, Hopper C. Management of deep-seated malformations with photodynamic 
therapy: a new guiding imaging modality. Lasers Med Sci. 2009;24(5):769–75       

  Fig. 4    Ultrasound image showing vascular malformation (haemangioma) of face 
and neck. The fi gure is adapted from authors’ own article: Jerjes W, Upile T, Vincent 
A, Abbas S, Shah P, Mosse CA, McCarthy E, El-Maaytah M, Topping W, Morley S, 
Hopper C. Management of deep-seated malformations with photodynamic therapy: 
a new guiding imaging modality. Lasers Med Sci. 2009;24(5):769–75       

 

 



  Fig. 6    Ultrasound image showing needle insertion in bilateral tongue base carci-
noma followed by insertion of polished tip optical fi bres. The patient also had 
necrotic cervical lymph node ( inset  ) treated at the same time. The fi gure is adapted 
from authors’ own article: Jerjes W, Upile T, Hamdoon Z, Abbas S, Akram S, 
Mosse CA, Morley S, Hopper C. Photodynamic therapy: The minimally invasive sur-
gical intervention for advanced and/or recurrent tongue base carcinoma. Lasers 
Surg Med. 2011;43(4):283–92       

  Fig. 7    Needle insertion under US guidance in a patient with bilateral tongue base and 
fl oor of mouth carcinoma with multiple reactive cervical lymph nodes. The fi gure is 
adapted from authors’ own article: Jerjes W, Upile T, Akram S, Hopper C. The surgical 
palliation of advanced head and neck cancer using photodynamic therapy. Clin 
Oncol (R Coll Radiol). 2010;22(9):785–91       
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The fi bres are allowed to protrude by 2–3 mm from the needle tip 
into tissue to ensure maximal tissue illumination. The incident 
light dose is 20 J/cm 2 , delivered at an irradiance of 100 mW/cm 2  
to the target tissue, implying an illumination time of approximately 
200 s. Each bare tip fi bre delivers an output power of ≈0.5 W. The 
delivery method of light to initiate the photochemical reaction 
depends on the tumour size and location (Figs.  8  and  9 ). Diffuser 
fi bres are used when treating vascular tumours along with the bare 
polished tip fi bres. The structure of the vascular tumours allows 
maximal tissue illumination when using those types of fi bres 
(Fig.  10 ) [ 1 – 24 ].

         Pain and Swelling Control 

 The notable adverse events in the immediate post-treatment 
phase include pain and swelling. Pain is experienced at some 
stage following PDT by all of the  patie  nts. Pain usually peaks at 
48–72 h postoperatively. Special PDT pain protocols are followed. 
NSAIDs and opiates are usually supplied if not contraindicated 
when managing superfi cial disease. The standard regime, when 
managing a deep-seated disease in head and neck cancer patients, 

  Fig. 8    Ultrasound-guided interstitial photodynamic therapy of peri-carotid disease. Note parallel array needle 
insertion, optical fi bres feeding into the delivery needles and tissue illumination. The fi gure is adapted from 
authors’ own article: Jerjes W, Upile T, Hamdoon Z, Nhembe F, Bhandari R, Mackay S, Shah P, Mosse CA, 
Brookes JA, Morley S, Hopper C. Ultrasound-guided photodynamic therapy for deep seated pathologies: pro-
spective study. Lasers Surg Med. 2009;41(9):612–21       
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involves a fentanyl transdermal patch 72 h 12 mcg/h with mor-
phine sulphate (immediate release) as needed for breakthrough 
pain. Dose- escalating the patient’s own pain medication or 
 prescribing patient- controlled analgesics is implemented when 
indicated. Usually different specialist centres have different PDT 
pain-control protocols depending on experience and the areas 
treated [ 1 – 24 ]. 

  Fig. 9     Top : Needle insertion under US-guidance to the supraorbital region and 
submandibular lymph node.  Middle : eye shield inserted prior to treatment.  Bottom : 
tissue interstitial illumination with 652 nm diode laser. The fi gure is adapted from 
authors’ own article: Hamdoon Z, Jerjes W, Upile T, Osher J, Hopper C. Lacrimal 
gland mantle lymphoma treated with photodynamic therapy: overview and report 
of a case. Photodiagnosis Photodyn Ther. 2010;7(2):129–33       
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  Fig. 10    US-guided interstitial photodynamic therapy of haemangioma of the left infraorbital region. ( a ) Patient 
draped, prepped and eye shield applied; ( b ) Intraoperative ultrasound scanning of the centre and periphery of 
the lesions; ( c ) marking the path for needle insertion; ( d ) fi rst needle insertion under US-guidance; ( e ) further 
needles inserted; ( f ) complete needle insertion to ensure coverage of the whole lesion width and depth;
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 Airway control is a priority, when managing disease in the oro-
pharyngeal–laryngeal region, as compromise can occur as part of 
the local infl ammatory  reac  tion. If a potential compromise is 
expected, an elective tracheostomy prior to interstitial PDT is 
implemented; this is commonly practised when managing 
advanced tumours. In this case, a tracheostomy tube is inserted 
intraoperatively and kept for 3–5 days postoperatively; intravenous 
steroids (i.e. dexamethasone) are also administered for 3 days to 
reduce local infl ammatory responses and reduce swelling. The use 
of nasopharyngeal tubes has been found to be helpful in patients 
treated for oral pathologies using PDT [ 1 – 24 ].  

    Tissue Changes 

 To date, there is no exact scientifi c documentation about the stages 
that tissues go through following the initiation of the photody-
namic process. Based on treating large cohorts of patients we have 
identifi ed three stages:

    1.    Acute infl ammatory/immunological tissue reactions. Usually 
pathologies undergo these changes within the fi rst few hours 
and last for 2–3 days. This is usually associated with transient 
increase in infl ammatory markers and signifi cant pain  and 
  swelling, which may be due to histamine release. Superfi cial 
disease shows redness and peeling of oral tissues or skin with 
occasional blister formation, while peri-pathological infl amma-
tion on the MRI or CT has been identifi ed when managing 
deep-seated pathologies.   

   2.    Cellular death and tissue necrosis. Usually starts few  h  ours 
post- illumination and may continue up to 5–6 weeks. 
Superfi cial disease shows tissue necrosis and slough formation 
which disintegrates after few weeks and this is usually associ-
ated with unpleasant odour. Deeper  pathologi  es, on the other 
hand, display marked tissue necrosis on MRI or CT which a 
PDT- experienced radiologist to interpret these fi ndings.   

   3.    Healing and tissue regeneration (Fig.  11 ). Usually started 
from 2 to 3 weeks and lasted up to 6 weeks.

       A common fi nding, adjacent macroscopically normal appear-
ing tissue can become photosensitised and undergo necrosis or 

Fig. 10 (continued) ( g ) measuring needle length inside the tissue to ensure that the tip is not too close to the 
skin surface which can lead to necrosis, this was followed by optical diffuser fi bre insertion; and ( h ) light deliv-
ered to the diseased tissue. The fi gure is adapted from authors’ own article: Jerjes W, Upile T, Alexander Mosse C, 
Hamdoon Z, Morcos M, Morley S, Hopper C. Prospective evaluation of 110 patients following ultrasound-guided 
photodynamic therapy for deep seated pathologies. Photodiagnosis Photodyn Ther. 2011;8(4):297–306       

Guidelines on Clinical Management



348

apoptosis causing unfavourable outcome (i.e. ulceration of the 
mucosa and necrosis of the skin). The optimal way of reducing 
these effects is by ensuring that the light doesn’t illuminate any 
adjacent areas either by using special probes or by shielding the 
adjacent tissues (i.e. skin or mucosa) [ 1 – 24 ].  

    Residual Systemic Photosensitisation 

 The major side effect of PDT is residual systemic photosensitisa-
tion, which lasts for several days or weeks depending on the 
administered  photosensitiser. This is   caused by minor concentra-
tions of the photosensitiser in the skin and may lead to oedema, 
sunburn or even superfi cial skin necrosis when normal skin is 
exposed to bright light (Figs.  12 ,  13  and  14 ). So far 5-aminolev-
ulinic acid (5-ALA) is the only photosensitiser that can be applied 

  Fig. 11    Histopathology images of severe oral dysplasia subjected to PDT. 
Hyperkeratosis replaced most of the dysplastic tissue. The fi gure is adapted from 
authors’ own article: Jerjes W, Upile T, Hamdoon Z, Mosse CA, Akram S, Hopper 
C. Photodynamic therapy outcome for oral dysplasia. Lasers Surg Med. 
2011;43(3):192–9       
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  Fig. 12    Photosensitivity reactions—mild. The fi gure is adapted from authors’ own 
article: Jerjes W, Upile T, Betz CS, El Maaytah M, Abbas S, Wright A, Hopper C. The 
application of photodynamic therapy in the head and neck. Dent Update. 
2007;34(8):478–80, 483–4, 486       

  Fig. 13    Healing of third-degree skin burn following inadvertent sun exposure. This 
is the arm where the photosensitiser is administered. Patients are given pre- and 
post-treatment instructions (including written) regarding light exposure and com-
plication avoidance and reporting. The fi gure is adapted from authors’ own article: 
Jerjes W, Upile T, Hamdoon Z, Nhembe F, Bhandari R, Mackay S, Shah P, Mosse CA, 
Brookes JA, Morley S, Hopper C. Ultrasound-guided photodynamic therapy 
for deep seated pathologies: prospective study. Lasers Surg Med. 
2009;41(9):612–21       
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topically; all others have to be given intravenously. The advantage 
of topically applied ALA is the complete lack of systemic photo-
sensitivity and the fact that ALA-treated patients do not have to 
avoid exposure to light following treatment. The major disad-
vantage of a topically applied photosensitiser is the small treatment 
depth of only 1–2 mm that can be obtained. Therefore, only 
very superfi cial lesions of less than 1 mm can be treated success-
fully [ 1 – 24 ].

     Gradual light re-exposure at an incremental rate of 100 lux/day 
is implemented. Every patient is instructed on the need to avoid 
direct sun exposure for up to 2 weeks after injection and is given 
light exposure guidelines. Patients, sometimes, fail to achieve a 
gradual re-exposure to sunlight and as a result they develop skin 
burn, 1st or 2nd degree, when they are exposed for the fi rst time 
to direct sun light after 3–4 weeks of treatment. Also, the skin over 
the injection site (especially the arm area) is more sensitive to light 
and skin burn has been reported to occur up to 10 weeks after the 
photosensitisation in this area [ 1 – 24 ].  

    Assessment of Outcome 

 The patients’ symptom-related disease included visual, breathing, 
swallowing and speech problems, as well as disfi gurement and 
impeded limb function are documented. As there is no current 
verifi ed assessment of quality of life in patients undergoing photo-
dynamic therapy, the patients are asked only to report the nature of 
the complaint and not the severity. Patients are followed up and 

  Fig. 14    Healing of third-degree skin burn following inadvertent sun exposure       
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asked to report on the outcome of their therapy if there is any 
improvement, no change or worsening of symptoms. Clinical 
assessment outcome is performed by a team of  surgeons/physi-
cians trained in photodynamic therapy at approximately 4–6 weeks 
postoperatively [ 1 – 24 ]. 

 Lesion response evaluation is carried out according to 
RECIST:  complete response  (CR): disappearance of all target 
lesions for at least 4 weeks;  partial response  (PR): at least a 30 % 
decrease in the sum of the longest diameter (LD) of target lesions 
confi rmed at 4 weeks;  stable disease  (SD): neither suffi cient 
shrinkage to qualify for PR nor suffi cient increase to qualify for 
progressive disease taking as references the smallest sum LD; and 
 progressive disease  (PD): at least a 20 % increase in the sum of 
LD of target lesions taking as references the smallest sum LD 
recorded since the treatment started or the appearance of one or 
more new lesions (Figs.  15  and  16 ) [ 1 – 24 ].

  Fig. 15    Treatment of skin cancer with PDT.  Top : fungating tumour mass of the 
right cheek which was subjected to subcutaneous interstitial photodynamic 
therapy. No surface illumination techniques were employed trying to avoid skin 
ulceration.  Bottom : tumour mass necrosis and skin regeneration with minimal 
tethering and scaring and no ulceration. The fi gure is adapted from authors’ own 
article: Hamdoon Z, Jerjes W, Upile T, Akram S, Hopper C. Metastatic renal cell 
carcinoma to the orofacial region: A novel method to alleviate symptoms and 
control disease progression. Photodiagnosis Photodyn Ther. 2010;7(4):246–50       
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    MRI or CT imaging is performed 5–6 weeks post- PDT. 
Comparisons are, then, made to assess radiological outcome. 
Radiological assessment parameters include no response (no 
change in pathology size), minimal response (reduce size by <25 %), 
moderate response (reduce size by <50 %) and signifi cant response 
(reduce size by 50–75 %). Identifi cation of peri- pathology or 
peri-lesional infl ammation, assessing response to PDT, should 
also be reported (Figs.  17 ,  18  and  19 ) [ 1 – 24 ].

         Our Experience 

 In order to encourage evidence-based practice in medicine and 
surgery, and to ensure that the treatment and processes are sound, 
we developed  upon   the work of our previous preliminary prospec-
tive studies, collecting data from a larger population treated. We 
evaluated the outcome following ultrasound-guided iPDT 
(US-iPDT) of deep-seated pathologies. Patients’ reports on qual-
ity of life with clinical and radiological evaluation were the main 
parameters used to assess the outcome. Further factors infl uencing 

  Fig. 16    Clinical images showing response of moderate oral dysplasia to photody-
namic therapy. The fi gure is adapted from authors’ own article: Jerjes W, Upile T, 
Hamdoon Z, Mosse CA, Akram S, Hopper C. Photodynamic therapy outcome for 
oral dysplasia. Lasers Surg Med. 2011;43(3):192–9       
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  Fig. 17    Axial MRI scanning of neurofi broma of the neck.  Left : pre-PDT showing extensive lesion compressing the 
airway.  Right  ( top  and  bottom ) post-PDT scans slightly upper and lower to the pre-PDT scan level showing signifi -
cant shrinkage with increase in airway patency. The fi gure is adapted from authors’ own article: Hamdoon Z, 
Jerjes W, Al-Delayme R, Hopper C. Solitary giant neurofi broma of the neck subjected to photodynamic therapy: 
case study. Head Neck Oncol. 2012;4(1):30       

  Fig. 18    Axial MRI scanning of SCC of the posterio-lateral tongue.  Left : pre-PDT; 
 right : post-PDT showing extensive necrosis of the tumour area. The fi gure is 
adapted from authors’ own article: Jerjes W, Upile T, Akram S, Hopper C. The 
surgical palliation of advanced head and neck cancer using photodynamic ther-
apy. Clin Oncol (R Coll Radiol). 2010;22(9):785–91       
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outcome, follow-up and the future of this modality are being 
discussed. One hundred and ten patients were referred to the 
UCLH Head and Neck Centre, London for treatment of a range 
of  deep- seated pathologies related to the head and neck region, 
upper and lower limbs (from 2007 to 2009). The mean age was 53 
years with three-quarters of the cohort being Caucasians. The 
most common primary sites were the oral and oropharyngeal 
regions, mid face and upper limbs. Fifty-two patients were diag-
nosed with carcinomas, 11 with sarcomas and 42 with vascular 
anomalies. Disease staging was carried out and showed that nearly 
all the malignant tumours were stage IV or of a high-grade nature; 
while all the vascular anomalies were regional rather than local. 
Tumour volume was assessed using preoperative imaging (CT or 
MRI). Thirty-nine patients were not suitable for conventional 
management (not including palliative), while 45 patients declined 
further treatment (Table  1 ) [ 6 ].

   The patients’ symptom-related disease included visual, breath-
ing, swallowing and speech problems, as well as disfi gurement and 
impeded limb function. Five patients reported visual problems due 

  Fig. 19    PDT in the management of peri-carotid disease.  Left : axial CT with con-
trast post stent insertion. Peri-carotid and left vocal cord disease can be seen with 
midline shift.  Right : 4 weeks post-US-guided interstitial PDT, necrotic tissue for-
mation can be seen with peri-tumour infl ammation and improvement of airway 
patency. Granulation tissue formation can be seen in the stent area. The images 
are the best exact match that could be achieved. The fi gure is adapted from 
authors’ own article: Hamdoon Z, Jerjes W, Upile T, Hoonjan P, Hopper C. Endoluminal 
carotid stenting prior to photodynamic therapy to pericarotid malignant disease: 
technical advance. Photodiagnosis Photodyn Ther. 2010;7(2):126–8       
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to globe compression by external swelling caused by the pathology, 
or tumour invading the optic nerve or retinal vessels. Problems asso-
ciated with pathological growth in the oropharyngeal/laryngeal 
region caused breathing problems in 32 patients, swallowing prob-
lems in 37 patients and speech problems in 29 patients. Disfi gurement 
was reported by 52 patients (mostly with vascular anomalies) and 
impeded limb function was found in 9 patients (Table  2 ) [ 6 ].

   Four out of the fi ve patients who had visual problems reported 
improvement after treatment ( p  < 0.001). Also 27/32 patients 
reported improvement of breathing ( p  < 0.001), with one patient 
reporting worsening of symptoms. Improvement of swallowing 
was reported by 30/37 patients ( p  < 0.001), with three patients 
reporting progressive dysphagia, indicating poor response. Speech 
improvement was evident in 22/29 patients ( p  < 0.001) and 43/52 
reported reduction in the disfi gurement caused by their pathology 

   Table 1  
  Demographic details of 110 patients with deep-seated pathologies treated with PDT   

 No. (%)  Diagnosis  No. (%) 

  Gender  
 Male  63 (57.3)  Squamous cell carcinoma  39 (35.5) 
 Female  47 (42.7)  Adenoid cystic carcinoma  4 (3.6) 

 Adenocarcinoma  4 (3.6) 

  Age (years)   Acinic cell carcinoma  2 (1.8) 
 Mean  53.1  Mucoepidermoid carcinoma  2 (1.8) 
 Minimum–maximum  0.5–93  Metastatic carcinoma  1 (0.9) 
 St. deviation  24.1 

 Chondrosarcoma  1 (0.9) 

  Primary site   Osteosarcoma  2 (1.8) 
 Oral cavity  17 (15.5)  Rhabdomyosarcoma  2 (1.8) 
 Oropharynx  26 (23.6)  Fibromyxoid sarcoma  1 (0.9) 
 Larynx  2 (1.8)  Angiosarcoma  5 (4.6) 
 Lower respiratory tract  2 (1.8) 

 Arteriovenous malformation  9 (8.2) 

 Mid face  32 (29.1)  Haemangioma  14 (12.8) 
 Lower face  9 (8.2)  Lymphangioma  13 (11.9) 
 Neck  6 (5.5)  Neurofi broma  3 (2.7) 

 Mixed hamartoma  3 (2.7) 

 Upper limb  12 (10.9) 
 Lower limb  3 (2.7)  Kimura disease  1 (0.9) 
 Glans penis  1 (0.9)  Pleomorphic adenoma  2 (1.8) 

 Malignant melanoma  1 (0.9) 
 Mantle cell lymphoma  1 (0.9) 

  Modifi ed from: Jerjes W, Upile T, Alexander Mosse C, Hamdoon Z, Morcos M, Morley S, Hopper C. Prospective 
evaluation of 110 patients following ultrasound-guided photodynamic therapy for deep seated pathologies. 
Photodiagnosis Photodyn Ther. 2011;8(4):297–306  
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   Table 2  
  Patient’s response to PDT: clinical and radiological assessments   

 Patient’s report  No. (%)  Clinical assessment  No. (%) 

  Visual problems    5   No response  3 (2.7) 

 Improved ( p  < 0.001)  4 (80.0)  Minimal response  15 (13.6) 

 No change  1 (20.0)  Moderate response  39 (35.5) 

 Worse  0 (0.0)  Good response  48 (43.6) 

 Free of disease  5 (4.6) 

  Breathing problems    32  

 Improved ( p  < 0.001)  27 (84.4)   Radiological assessment  

 No change  4 (12.5)  No response—stable  6 (5.5) 

 Worse  1 (3.1)  No response—progressing  4 (3.6) 

 Minimal response  23 (20.9) 

  Swallowing problems    37   Moderate response  45 (40.9) 

 Improved ( p  < 0.001)  30 (81.1)  Signifi cant response  32 (29.1) 

 No change  4 (10.8) 

 Worse  3 (8.1)   PEG   12 (10.9) 

  Nasopharyngeal   19 (17.3) 

  Speaking problems    29    Tracheostomy   18 (16.4) 

 Improved ( p  < 0.001)  22 (75.9)   NG feed   25 (22.7) 

 No change  5 (17.2) 

 Worse  2 (6.9)   Complications  

 Emergency airway  6 (5.5) 

  Disfi gurement    52   Fistula  7 (6.4) 

 Improved ( p  < 0.001)  43 (82.7)  Infection  11 (10.0) 

 No change  6 (11.5)  Skin necrosis  4 (3.6) 

 Worse  3 (5.8)  Skin burn  13 (11.8) 

 Peripheral edema  2 (1.8) 

  Limb function    9   Motor nerve injury  4 (3.6) 

 Improved ( p  < 0.001)  7 (77.8)  Severe haemorrhage/transfusion  2 (1.8) 

 No change  1 (11.1)  Stroke  2 (1.8) 

 Worse  1 (11.1) 

  Modifi ed from: Jerjes W, Upile T, Alexander Mosse C, Hamdoon Z, Morcos M, Morley S, Hopper C. Prospective 
evaluation of 110 patients following ultrasound-guided photodynamic therapy for deep seated pathologies. 
Photodiagnosis Photodyn Ther. 2011;8(4):297–306  
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( p  < 0.001). Seven out of nine patients reported improved of 
impeded limb function ( p  < 0.001) [ 6 ]. 

 Clinical assessment showed that 48/110 patients had “good 
response” to the treatment and 39/110 had “moderate response” 
with fi ve patients being “disease free.” Radiological assessment com-
paring imaging 6-week post-PDT to the baseline showed stable 
pathology with no change in size in 6/110 patients, minimal response 
(<25 % reduction) in 23/110 patients, moderate response (<50 % 
reduction) in 45/110 patients and signifi cant response (50–75 % 
reduction) in 32 patients. Unfortunately, four patients showed no 
response with pathology progression (noted in two squamous cell 
carcinoma, one angiosarcoma and one malignant melanoma patients). 
Peri-pathology infl ammation was reported in all 110 patients indicat-
ing a successful photochemical reaction in all patients [ 6 ]. 

 The clinical responses have almost in all cases were associated 
with reported improvement of symptoms of patients treated with 
PDT ; however, radiological response reported varying degree of 
disease shrinkage with this outcome. We have noticed that our 
guidance of successful treatment is the clinical assessment rather 
than the radiological one. Patients who suffered from pathologies 
in the oropharyngeal/laryngeal regions had undergone prophylac-
tic nasopharyngeal tube insertion ( n  = 19) or elective tracheostomy 
( n  = 18) to maintain airway. Unfortunately, postoperative compli-
cations resulted in emergency tracheostomy tube insertion in six 
 furth  er patients. No drug interactions have been observed [ 6 ]. 

 Patients with superfi cial and deep-seated pathologies undergo-
ing photodynamic therapy are likely to benefi t from the interven-
tion, especially in case of advanced and/or recurrent disease. Our 
studies have provided further evidence that PDT is a useful modality 
in the management of these pathologies that are otherwise resistant 
to conventional treatments and with minimal side effects [ 1 – 24 ].     
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Chapter 21

Oral Cavity: Early Lesions

Max J.H. Witjes, Sebastiaan A.H.J. de Visscher,  
and Jan L.N. Roodenburg

 Introduction

From the early development of photosensitizers, the treatment of 
oral premalignancies and cancers has been a major field of research 
in photodynamic therapy. The first clinically available photosensi-
tizer, hematoporphyrin derivative (HpD) was first tested in 1982 in 
several head and neck malignancies, including the oral cavity, 
shortly after availability for clinical studies in 1978 [1, 2]. Although 
PDT has been applied in a wide variety of head and neck cancers, 
this chapter will focus on the results of first, second, and third gen-
eration sensitizers in the treatment of early (superficial) oral and 
accessible oropharyngeal carcinoma and potentially malignant dis-
orders of the oral mucosa.

 The Clinical Problem in Oral and Oropharyngeal Squamous Cell Carcinoma 
and Potentially Malignant Disorders of the Oral Mucosa

In most cases, the development of oral and oropharyngeal tumors 
is preceded by a so-called potentially malignant disorder of the 
mucosa. The clinical appearance of such lesions of the mucosa is 
usually described as a white patch (homogenous leukoplakia), red 
patch (erythroplakia), or a mixed white/red appearance (inho-
mogenous leukoplakia or erythroleukoplakia). Leukoplakia is 
considered as a premalignant lesion of which the nomenclature 
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has been altered to potentially malignant disorders (PMDs) [3]. 
PMD comprises “all clinical presentations that carry a risk of can-
cer” [3]. Entities such as submucosal fibrosis have a distinct pre-
sentation that may not be described as any form of leukoplakia 
but can also be regarded as a potentially malignant disorder. 
Other lesions such as oral lichen planus or lichen like lesions have 
a less clear premalignant character and are therefore not consid-
ered as PMD but may transform into a carcinoma in rare cases. 
Several authors have tried to assess the rate of malignant transfor-
mation of PMD. Since transformation from PMD into an inva-
sive carcinoma may take several years, it is very difficult to establish 
the percentage of these disorders that will ultimately become a 
cancer. Observational studies of transformation of oral leukopla-
kia have yielded a wide variety of percentages of 2–30 % [4–7]. 
However, it is generally agreed that certain lesions such as eryth-
roplakia have a very high risk of malignant transformation and 
that certain lesions such as homogenous leukoplakia carry a low 
risk. Histopathological or molecular analysis has not yet provided 
clear markers that can predict malignant transformation. 
Histopathology is considered as the gold standard in the diagno-
sis of PMD which mainly focuses on the presence of dysplasia in 
the examined mucosa. Dysplasia is usually described in three 
stages from slight, moderate, to severe. The nomenclature of 
severe dysplasia and carcinoma in situ (CIS) is often used alterna-
tively for describing a state of the mucosal tissue as being at the 
brink of conversion into a carcinoma. Although such classifica-
tions are elementary for studying these lesions, there is no con-
sensus on when and how these lesions should be treated [8]. 
Clinicians should treat in case of severe dysplasia. However, there 
is no consensus that a wait and see policy in case of early stage 
dysplasia or nondysplastic PMD is acceptable or not and if treat-
ment should always be considered [8, 9].

Clinically, these mucosal disorders can be challenging to treat. 
Removal of risk factors such as smoking or alcohol abuse is essen-
tial, but often not achieved [10]. Some lesions recur or are of con-
siderable size, which creates considerable morbidity after treatment 
with surgery (Fig. 1a, b). Determining the margin of such lesions 
can be difficult. Radiotherapy is usually not considered as therapy 
when malignant transformation has not occurred. Other strategies 
such as CO2 laser evaporation have been quite successful in small- 
sized PMD [11]. Chemoprevention with several compounds such 
as retinoids or vitamins A/E has not been successful and is cur-
rently not considered as treatment. Treatment of recurrent lesions 
or of widespread PMD remains a problem for clinicians. Alterations 
to the oral mucosa are often widespread and therefore treatment of 
a large field of mucosa around PMDs might be a necessity [12]. 
Photodynamic therapy has been identified as a modality that can 
effectively treat PMD [13].

Max J.H. Witjes et al.



361

 Oral and Accessible Oropharyngeal Squamous Cell Carcinoma

The current standard treatment of early oral squamous cell carci-
noma is surgical removal, radiotherapy, or a combination of both. 
Overall survival in oral carcinoma is influenced by factors such as 
tumor size (T stage), the presence of lymph node metastasis (N 
stage), depth of infiltration, margin status after surgery, and 

Fig. 1 Example of a widespread potentially malignant disorder of the oral mucosa 
in a patient with various degrees of dysplasia in the cheek (a) and gingiva of the 
lower mandible (b)

Oral Cavity: Early Lesions
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extracapsular spread of lymph node metastasis [14, 15]. While 
early oral cancer is relatively well controlled by surgery and/or 
radiotherapy, there is a general awareness that reducing morbidity 
of the treatment is an essential part of the improvement of out-
come of therapies [16]. Therefore, there is a rationale for an alter-
native treatment modality with fewer long-term side effects. The 
general principle of surgery is removal of the tumor with a clear 
margin of at least 5 mm in all directions which is measured on 
histopathological H&E stained slides [17]. In practice this means 
that due to tissue contraction after excision, the surgeon has to 
excise a larger margin sometimes close to 1 cm. When a neck dis-
section is indicated there is a differentiation between an elective 
neck dissection and a therapeutic neck dissection. The first is per-
formed when the chances of lymphatic spread of the tumor to the 
neck is higher than approximately 20 %. The therapeutic neck dis-
section is more extensive and performed in case of proven lymph 
node metastasis [17]. In radiotherapy, a similar approach to pri-
mary tumor treatment is considered with regards to the total vol-
ume that needs to be radiated. Radiotherapists determine the 
tumor border on CT or MRI and add to that an extra margin, 
with exclusions of certain structures such as the eye, brain, or 
spine [18]. It is generally agreed that the strategy in oral cancer 
should be aimed at effective tumor removal with one modality in 
one attempt, to balance between the efficacy and morbidities. A 
combined approach of surgery and radiotherapy (or concommit-
tant chemoradiation) should be used in high- risk cases, such as 
close margins after surgery, multiple lymph node metastasis, extra 
capsular spread, etc. The use of a combination of modalities leads 
to higher morbidity after treatment.

When the tumor burden is low, that is in superficial lesions, 
there is a low risk of metastasis to the lymph nodes. Usually squa-
mous cell carcinomas of less than 4 mm invasive are regarded as 
such [19]. Therefore in most guidelines surgical removal of 
superficial (<4 mm invasion) oral squamous cell carcinoma is 
indicated without an elective neck dissection. Four millimeters of 
invasion still requires that an excision of at least 9 mm in depth is 
performed for obtaining surgical-free margins. After surgical 
removal of early superficial cancer long-term morbidity can be 
summarized as lack of mobility of the tongue, loss of sensation, 
or neuropathic pain of the tong or lower lip due to nerve damage. 
The consequences for patients can involve problems with propa-
gation of food from the anterior of the mouth to the oropharynx, 
chronic pain syndromes in case of nerve damage, or oral inconti-
nence due to the lack of sensation of the lower lip . Morbidities 
of radiotherapy of early squamous cell carcinoma of the oral cav-
ity often include dry mouth due to loss of salivary secretion, 
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altered or loss of taste due to nerve damage and of less incidence 
cases of long-term fibrosis with swallowing problems or (osteo)
radionecrosis [20].

 Photodynamic Therapy of Potentially Malignant Disorders of the Oral Mucosa

For treatment with PDT of potentially malignant disorders and 
squamous cell carcinoma several photosensitizers have been stud-
ied in preclinical studies. Four sensitizers have been studied used 
in clinical studies involving patient treatment, which will be the 
focus of this paragraph. The mechanisms of PDT and particular 
aspects of photosensitizers will not be discussed here. In PDT of 
PMD and early superficial squamous cell carcinoma, the illumina-
tion technique is that of superficial , which will be described 
further in this chapter. Studies of interstitial PDT will not be 
described in this chapter.

Several studies investigated the efficacy of photodynamic ther-
apy as a treatment modality for PMD. The suggested benefit of 
PDT of PMD lies in the possibility of treating large areas of 
affected mucosa with minimal morbidity compared to an inter-
vention such as surgery. The most investigated photosensitizer for 
PMD has been 5-Aminolevulinic acid (5-ALA) which can be 
administered intravenously, orally, or can be applied topically 
[21]. It is water soluble and therefore easy to dissolve for use. 
5-ALA is the only drug in PDT that is not a photosensitizer but 
requires metabolization in the mitochondrion to the photosensi-
tive compound protoporphyrin IX. In premalignant disorders of 
the skin, topical 5-ALA PDT is now routinely used with good 
results [22]. For treatment of PMD of the oral mucosa with 
5-ALA as photosensitizer, 13 studies can be identified in the lit-
erature [23–36]. Because several groups published multiple 
papers, it is difficult to identify if the outcome of 5-ALA PDT of 
the same patients have repeatedly been described. The rationale is 
very clear for using a local treatment such as 5-ALA with little 
morbidity for patients suffering from potentially malignant disor-
ders since a small proportion of PMD will develop into cancer but 
it cannot be predicted which lesions will. Most studies describe 
small patient numbers (n = 10–15) or some of less than 50 patients 
with relatively short follow-up time. Two studies have a large 
number of patients treated with 5-ALA (n = 80) [29, 37] or suffi-
ciently long follow-up time (>60 months [13]. Treatment proto-
cols differed substantially on major parameters which makes 
comparison between the studies difficult. In the 13 studies found, 
the concentration of 5-ALA differs from 10 to 20 %. The applica-
tion time varies from 1 to 4 h. Some authors have used experi-
mental gel-like application technique [37] and most of them used 
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emulsions or cream. Illumination technique was fiber based using 
laser or LED light of 635 nm or close to that wavelength (628–
630 nm). The early papers describe a one time illumination proto-
col, while more recently a different approach using a multiple of 
5-ALA weekly treatment strategy which showed some interesting 
results with complete response rates over 90 % [35]. Authors have 
used different or no fractionated illumination schemes within one 
treatment. Next to that some authors use fluorescence spectros-
copy to verify the presence of protoporphyrin IX, the PDT-active 
metabolite of 5-ALA. When comparing 5-ALA treatments, the 
outcome shows a significantly better response for multiple weekly 
treatments using fractionated illumination per treatment [37]. 
Multiple weekly treatments after 5-ALA application compensate 
for the limited penetration depth of ALA PDT which is found to 
be of a maximum around 1 mm [26]. It is largely depending on 
the penetration of 5-ALA into the mucosal layer which is influ-
enced by factors such as the presence and )thickness of hyperkera-
tosis [32]. Impressive removal of very thick and extensive 
verrucous leukoplakia was achieved by multiple treatments with 
5-ALA showing the possibility of this approach [34] (Fig. 2a–h). 
Authors describe that on average 3–4 treatments suffice to obtain 
a complete response with a maximum number of 8 weekly treat-
ments. One nonrandomized study compared cryosurgery with 
single nonfractionated 5-ALA treatments showing comparable 
results of around 75 % complete response rates [24]. Side effects 
reported are mild with 5-ALA PDT. Sometimes there is pain dur-
ing PDT treatment which can be solved by using local anesthetics. 
When studied, all authors report that postillumination pain is 
effectively controlled by NSAIDs. Generally, it can be concluded 
that topical 5-ALA PDT seems to provide clinicians with an inter-
esting treatment strategy with little morbidity. Multiple fraction-
ated treatments repeated once or twice in a weekly schedule after 
2 h of 20 % topical application of 5-ALA seem to yield the best 
results. However, further detailed studies should clarify which 
treatment protocol is best and randomized comparative studies 
should be undertaken to compare the efficacy and morbidity of 
5-ALA PDT treatments with modalities such as CO2 laser evapo-
ration or cryosurgery.

Hematoporphyrin derivatives (HpD, Photofrin) and meta- 
tetra(hydroxyphenyl)chlorine (mTHPC, temoporfin, Foscan) have 
been used to treat potentially malignant disorders of the oral 
mucosa as well [13, 38]. Fewer studies are available of these sensi-
tizers and often the treated PMDs consist of high-grade dysplasia 
or carcinoma in situ. Often these studies include the treatment of 
high-grade dysplasia cases and small T1 carcinoma cases, due to 
the high risk nature of severe dysplasia. Since the introduction of 
HpD a number of studies included the treatment of high-grade 
dysplasia or CIS. The results were summarized in a review [39] 
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Fig. 2 5-ALA) treatment of widespread verrucous carcinoma of the buccal cheek, extending outside of the oral 
cavity (a, b) which was histologically proven (c). After 22 weekly treatments using topical 5-ALA the lesion 
gradually reduced in size (e-h) until a complete response was achieved (treatment performed by Dr Chen 
Department of Dentistry, National Taiwan University Hospital, Taipei, Taiwan). Reproduced with permission 
from the publisher from Chen et al. J Oral Pathol Med (2005) 34:253–6
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showing a good response rate (>90 %) for CIS. Conversely, in a 
more recent study investigating the efficacy of photofrin-PDT in 
PMD and small oral tumors it was found that oral PMDs recurred 
more (n = 3 out of 9) than small oral carcinomas (n = 10 out of 11) 
[38]. It was hypothesized that this was due to insufficient photo-
frin uptake in small intraepithelial disorders or maybe by a light 
delivery problem due to the highly keratinized mucosa. A similar 
counterintuitive finding was published more recently with a differ-
ent second generation photosensitizer 3-(10-hexyloxyethyl)
pyropheophorbide-a (HPPH) [40]. It was found that PMDs 
showed a response of 46 %, while 82 % of the T1 carcinomas 
responded. In a recent systematic review of mTHPC PDT similar 
results were found [41]. Potentially malignant disorders consisting 
of carcinoma in situ, recurred significantly more than small oral T1 
carcinoma treated with mTHPC PDT. Therefore it seems that sys-
temically applied photosensitizers are less effective in treating PMD 
than the topically applied 5-ALA. The discrepancy can be possibly 
explained by the route of delivery and by the possibility of repeated 
treatment with 5-ALA, while systemic photosensitizers are usually 
administered once. However, the precise cause for this disparity 
has not been elucidated.

 Photodynamic Therapy of Early Squamous Cell Carcinoma of the Oral Cavity

The objective of PDT of superficial oral or accessible oropharyn-
geal squamous cell carcinoma should be to induce necrosis of the 
tumor and a surrounding margin of at least 5 mm, including the 
tissue constituting the deep margin. Photodynamic therapy should 
not differ from the principles of tumor treatment applied in sur-
gery or radiotherapy. In the past much of PDT research was 
devoted to find photosensitizers that are selectively taken up by 
tumor tissue. This, however, should not imply that a margin of sur-
rounding tissue should not be treated during PDT. Squamous cell 
carcinomas of the oral mucosa are often developing in an area of 
mucosa with nonapparent potentially malignant changes [12]. 
Although it is not possible to clinically establish the presence or 
location of such areas it has been shown that the width of the 
resection margin is a predictor for recurrence of tumor [42]. 
Patients have higher survival rates when tumors are excised with 
5 mm margin or more. The sensitizers that have been used for 
studying the efficacy of PDT in the treatment of early oral squa-
mous cell carcinoma are photofrin and mTHPC. Recently a new 
sensitizer, HPPH was tested in a large phase 1 study showing 
promising results in the treatment of oral squamous cell carcinoma 
[40]. Photofrin is typically injected at a dose of 2 mg/kg body 
weight and illumination is performed 48 h later using 630 nm of 
incident light. The total light dose varies between authors but is 
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mainly reported to be around 100 J/cm2 (75–150 J/cm2). In a 
retrospective analysis of 15 years of patient treatment the efficacy 
of removal of early squamous cell carcinoma (3 mm or less thick) 
with photofrin PDT was summarized [43]. The general finding 
was that superficial tumors respond well to photofrin PDT with 6 
recurrences out of 112 patients (94 %) after an average of 80 
months follow up. Because this was a retrospective analysis of 
results from a single institution, a prospective trial was designed to 
confirm the efficacy of photofrin PDT in oral squamous cell carci-
noma [38]. In that study, 10 out of 11 patients with oral squamous 
cell carcinoma showed a complete response after photofrin PDT. 
Two retrospective studies using photofrin PDT in superficial 
(<5 mm thick) oral squamous cell carcinoma described a complete 
response in 24/25 patients (95 %) [44] and 80 % in 30 patients 
[45]. Other earlier reports of photofrin PDT describe small num-
bers of patients and were not prospective in design. Large phase 2 
or 3 trial or randomized trials comparing surgery with HpD-PDT 
are not available. Photofrin is not registered for primary treatment 
of head and neck cancer but has been registered for early- and late- 
stage endobronchial tumors and minimally invasive esophageal 
adenocarcinomas and high-grade dysplasia associated with Barrett 
esophagus. Photofrin-based PDT seems to fulfill the criteria for 
minimally invasive yet effective treatment of oral squamous cell 
carcinoma. The pain is mild and after treatment very little prob-
lems occur with feeding. From the available literature it becomes 
apparent that comparing the morbidity of PDT vs. surgery may 
well be in favor of photofrin PDT since swallowing problems or 
loss of sensation in treated areas are not reported. However, data 
on long-term morbidity, such as tongue mobility, swallowing etc. 
are missing.

mTHPC is a second generation photosensitizer that is consid-
ered to be the most potent clinically available sensitizer at present. 
From the first clinical studies it became apparent that it has a high 
potential for inducing tumor necrosis up to 10 mm deep [46, 47]. 
Several large studies have been performed for primary treatment or 
palliative treatment of oral squamous cell carcinoma [48–50]. It is 
typically used at a dose of 0.15 mg/kg and illumination is per-
formed 96 h later using 652 nm incident light at a dose rate of 100 
mW/cm2 and a total dose of 20 J/cm2. mTHPC PDT has been 
used for skin cancer and nasopharyngeal cancer at shorter drug 
light intervals of 24 h, whereby the drug dose could be reduced to 
0.05 mg/kg and the total light dose reduced to 10 J/cm2 [51, 
52]. Several prospective studies were published on the efficacy of 
mTHPC PDT of oral squamous cell carcinoma. In a recent sys-
tematic review, the efficacy of treatment of oral squamous cell 
carcinoma with mTHPC PDT has been analyzed [41]. After 
applying predetermined criteria, six prospective mTHPC PDT 
studies were selected, and patient data (n = 301) were obtained 
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from the original files and these could be reliably pooled for analysis 
[49, 53–57]. It was found that T1 oral squamous cell carcinomas 
respond well to mTHPC with a sustained complete response rate 
of 86 %, while T2 tumors had a significantly lower cure rate of 63 
%. One study described significant differences in response rates for 
different subsites in the oral cavity [57]. Oral tongue was reported 
with a significant better response rate and alveolar process with a 
significant lower response rate compared to the other oral subsites. 
This was attributed to the geometry of the oral subsites at which 
sometimes it is difficult to evenly distribute the incident light [58]. 
Two studies compared cohorts of early oral squamous cell carci-
noma treated with surgery or mTHPC PDT [59, 60]. Although 
these studies have minimal partially overlapping patient data on 
mTHPC-treated patients the reference surgical databases were 
not. Both studies found no differences in complete response rates 
between surgery and mTHPC PDT. Although these studies were 
not randomized trials it presented convincing evidence that both 
modalities are equally effective in treating early oral squamous cell 
carcinoma. The main issue for future studies therefore should be 
on which advantage PDT possibly has over surgery or radiother-
apy. The difference in morbidities of surgery and PDT has not 
been studied yet in detail. Clinicians involved in PDT of oral squa-
mous cell carcinoma are usually trained as head and neck surgeons 
and report that the long-term morbidity of mTHPC PDT is con-
sidered lower than that of surgery, especially in preserving mobility 
of the muscular structures and sensation in the treated areas 
(Fig. 3a–d). In a recent study, mTHPC PDT was applied repeat-
edly until complete response was obtained [57]. In recurrent 
T1/T2 tumor cases, mTHPC PDT was applied up to three 
times with 6 months interval with little loss of function. It was 
decided not to change to surgical excision due to the anticipated 
morbidity of surgery. Even after three times of PDT the tissue 
healed well showing no cumulative toxicity in that study. For clini-
cians the anticipated lower morbidity of PDT than of surgery is the 
main incentive for offering patients suffering from early oral squa-
mous cell carcinoma a  treatment with PDT even though ran-
domised clinical trials are lacking. It can be stated, however, that 
mTHPC PDT can be added as a  primary treatment modality for 
early oral squamous cell carcinoma.

 Selecting Cases for Primary Treatment of Oral Squamous Cell Carcinoma 
with mTHPC PDT

Case selection for mTHPC PDT of oral squamous cell carcinoma 
should be based on tumor factors as well as patient factors. Tumor 
factors should include the thickness of the lesion as well as the loca-
tion of the lesion. Thickness of squamous cell carcinoma should 

Max J.H. Witjes et al.



369

not exceed beyond 5 mm in case of mTHPC. The limit to 5 mm 
stems from the measurement that red light around 652 nm can 
penetrate tissue and yield a PDT effect around 1 cm depth [47]. 
Light delivery to tissue is a science by itself addressed to in a differ-
ent chapter. Histopathological analysis has shown that a higher risk 
of micrometastasis in the lymph nodes of the neck exist when a 
tumor has an infiltration depth of more than 4 mm. Therefore, 
most clinicians adopted the strategy to electively remove lymph 
nodes by neck dissection or to remove the sentinel lymph node at 
such tumor infiltration depths. In future this strategy may change 
if, for instance, genetic analysis could provide clinicians with a tool 
that can reliably predict the presence or exclude the presence of 
metastasis. For PDT case selection, most clinicians probably would 
select tumor cases of maximal 4 mm thick to avoid treating the 
neck, while systemically a photosensitizer has been injected. 
Estimation of thickness of a lesion can be reliably performed with 

Fig. 3 Patient with a large squamous cell carcinoma of the floor of mouth (a) which was treated with mTHPC 
mediated PDT (0.15 mg/kg, 20 J/cm2). The treatment response 2 h after illumination (b). Although the tongue 
and floor of mouth showed impressive swelling the patient retained oral intake and did not require tracheot-
omy. Treatment response 1 week after PDT (c). The swelling has been reduced and necrosis demarcated. 
Clinical view of floor of mouth 3 months after PDT showing normal oral mucosa (d). Tongue mobility was 
normal and a dental prosthesis could be worn. Sensory nerves of the treated area remained intact
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MRI [61] or with ultrasound [62]. MRI analysis and tumor thickness 
correlated well on histological specimens. In fact tumor thickness 
on MRI corresponded well with the presence of lymph node 
metastasis [63]. Ultrasound can be applied intraorally and shows 
good correlation with tumor thickness. It was reported that 
maneuvering the ultrasound probe in the oral cavity works well 
and was only hampered in case of limited mouth opening [62].

Patient factors can determine whether PDT is suitable as treat-
ment. It is obvious that patients should have some understanding 
of PDT and the effect a systemically administered photosensitizer 
can have on tissue which has been exposed to light. Therefore, the 
patient should be able to understand and willing to cooperate on 
how to avoid excessive exposure of (day)light. Next to that, the 
patient should have the opportunity to be able to stay out of day-
light for the required time and to continue to live at home. This 
means that all aspects of daily live that require going outside should 
be covered by informal care (spouse, family, neighbors, etc.). 
Patients are given instructions for the allowed light exposure and a 
light metering device for measuring the light at home and some-
one at home should be able to use this.

 Instructions to Patients and Possible Adverse Events

When a tumor is suitable for treatment with PDT, the patient 
should be informed on the difference between surgery and PDT 
treatment. Since photofrin and mTHPC do not have a registration 
yet for the primary treatment of early oral squamous cell carci-
noma, it should be made clear to the patient that it is an off label 
use of the drug. Contrary to the popular notion, it is legal in the 
United States, Europe, and in many other countries to use drugs 
off-label. Up to one-fifth of all drugs are prescribed off-label [64]. 
This should be part of the informed consent which should be based 
upon a clear appreciation and understanding of the facts, implica-
tions, and future consequences. Treatment options for tumor cases 
are usually discussed within a hospital’s multidisciplinary tumor 
board. It is advisable to obtain the consent of the tumor board 
before suggesting PDT treatment to the patient. The information 
on the difference between surgery and PDT as a primary treatment 
and should balance the short-term and long-term morbidities. For 
PDT the information to the patient should include the diminished- 
light protocol, possible consequences of breaking the protocol, the 
expected clinical course of PDT and healing process, and postillu-
mination pain and swelling. A general miscomprehension of the 
light protocol can be that patients should stay in the dark for 
the complete period after i.v. administration of a photosensitizer. 
In case of mTHPC patients should stay out of daylight for 2 weeks 
but by no means in the complete dark. Photofrin requires a longer 
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time indoors which is reported to be 1 month. The light protocol 
applicable to mTHPC prescribes a daily increase of exposure to 
light of 100 lux. That means that 1 week after the administration 
of mTHPC the patient can be exposed to 700 lux, which is close 
to normal indoor ambient light with closed curtains. After 2 weeks, 
the patient gradually can increase exposure to daylight, avoiding 
sunbathing. For mTHPC the injection site, usually the medial 
cubital vein in the cubical fossa of the arm, contains a relatively 
high concentration of sensitizer because it is poorly water soluble 
and precipitates at the injection site at which it slowly dissolves or 
bleaches. This makes the injection site prolonged photosensitive 
and this should explicitly be explained to the patient that this site 
should be covered when going outdoors. For photofrin the advised 
duration for staying out of direct daylight is 30 days, but again this 
does not mean that the patient should stay indoors in the dark. 
Since photofrin is water soluble the injection site is not specifically 
at risk. Within the first weeks of photosensitivity the patient is 
allowed to go outside after sunset with protective clothing and 
sunglasses. Adverse events that have been reported are mainly 
related to unintended light exposure [49]. For mTHPC blistering 
and burns can occur on the skin, especially at the injection site 
(Fig. 4a, b). Hyperpigmentation has been reported as well. The 
blisters and burns have been reported to heal well with proper care. 

Fig. 4 Main side effects of intravenously administered photosensitizers. When light protocols are not strictly 
followed, hyperpigmentation (a) or blisters (b) can occur. Usually these resolve completely in time

Oral Cavity: Early Lesions



372

Lipodystrophia has been reported after use of mTHPC but this 
rarely occurs. For photofrin, adverse events are reported to be skin 
reactions (edema, blisters) and ocular reactions.

 Clinical Aspects of PDT

Although the science behind PDT is complex, performing the 
treatment is not. It requires less technical skills than performing 
surgery in the oral cavity. It does require knowledge on how to use 
photosensitizers and how to guide the incident light onto the 
target area. Next to that the clinician should instruct coworkers, 
anesthetists and nurses on the do’s and don’ts.

The photosensitizer is injected in a darkened room with a small 
light bulb (60 W) after which the patient can leave for home after 
sunset. The darkened room should effectively shield daylight and 
have controllable light switches. Injection rate should be slow for 
mTHPC because it can be painful. mTHPC is dissolved in a solu-
tion that contains ethanol which yields pain upon administration 
which is immediately resolved when administration is completed. 
Illumination is often performed under general anesthesia. This is 
necessary because the patient should lay still and should allow 
shielding in the oral cavity to prevent unwanted illumination of the 
surrounding tissues. The OR and pre and postoperative care unit 
(recovery unit) should have capability of diminished light. At day 
4 for mTHPC 400 lux is allowed which is already a level of  ambient 
light that allows nurses to do their regular procedures. Intubation 
of the patient can be performed with a regular laryngoscope pro-
vided that the procedure does not need minutes of exposure to the 
light. Experienced anesthetists should perform the endotracheal 
intubation. During general anesthesia the pulse oximeter, used for 
monitoring the patients’ oxygen saturation level, can create a PDT 
effect at the nail at which it is placed [65]. Therefore it should be 
switched from nail to nail at regular intervals of maximal 10 min, 
or preferably, put on at regular intervals for a short moment to 
measure the blood oxygen saturation.

Separating the target tissue from the surrounding tissue is an 
essential part of PDT, especially when mTHPC is used. This can 
be done by using wet surgical cloths that are draped around the 
tumor/target area. To prevent shifting, these cloths can be sutured 
to the mucosa. PDT can have dual selectivity, that is, selectivity by 
selective tumor uptake of the drug or selecting the area that will 
be illuminated. Some authors describe the use of black wax for 
protecting the normal tissue while a gap in the wax exposes the 
tumor and required normal tissue margin [53]. Separating the 
target tissue and performing the illumination should be performed 
by one person, while operating the light source should be done by 
a second person.
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Pain is especially present after mTHPC PDT in the oral cavity. 
In contrast, pain after mTHPC PDT in other anatomical areas 
such as skin or skull base is not painful and seldom requires opi-
oids. Pain after PDT in the oral cavity can be well controlled by 
using proper medication. Before ending the procedure under gen-
eral anesthesia the patient should be given proper amount of mor-
phine which should be continued postillumination by means of 
oral or transdermally applied opioid prescriptions as long as neces-
sary. Swelling usually occurs within a few hours after PDT. It 
depends on the anatomical area if the airway will be compromised. 
PDT with superficial illumination seldom leads to airway obstruc-
tion in the oral cavity [66]. Edema with risk of airway obstruction 
occurs mainly when interstitial illumination is performed. The 
tongue base area is the site at risk for postillumination edema with 
airway obstruction. Therefore performing a tracheotomy should 
be considered in those specific cases. Intraoral swelling after super-
ficial PDT seldom leads to feeding problems. Occasionally, a naso-
gastric feeding tube is necessary for the first day. Postillumination 
swelling can be influenced by administering prednisone/
dexamethasone.

The normal clinical course shows edema and sloughing of 
the mucosa of the treated area at the first 24 h. This is followed 
by tissue necrosis which will be present for weeks. Slowly the 
necrotic tissue will be discharged, usually in small pieces. Within 
8–12 weeks the tissue will be healed. Occasionally, an infection 
of the necrotic area will occur which can be easily treated with 
penicillin.

Patients usually can be discharged quite shortly after illumina-
tion. Since general anesthesia is short and no surgical procedure is 
involved the burden of the procedure is low for the patient. Some 
patients can be discharged from the hospital the same or next day. 
Longer admissions may be necessary in cases of insufficient infor-
mal care at home. Follow up can easily be organized by regular 
phone calls by nurse practitioners.

 Conclusion

PDT should be considered as one of the modalities to treat poten-
tially malignant disorders and early oral and accessible oropharyn-
geal squamous cell carcinoma. It is minimally invasive and has clear 
potential where other modalities are contraindicated or may lead 
to high morbidity while the tumor burden is low. 5-ALA can be 
administered topically in case of PMD and mTHPC and photofrin 
systemically in case of early cancers. The efficacy of PDT of early 
squamous cell carcinoma is comparable to surgery. There is no 
cumulative toxicity and can be repeated when necessary.
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    Chapter 22   

 Photodynamic Therapy of Oropharyngeal Malignancies                     

     M.     Barış     Karakullukcu       

        Multidiscipline Involvement and Informed Consent 

 The oropharynx is a section of the  upper aerodigestive tract   
which includes a variety of structures located between the soft 
palate superiorly and the hyoid bone inferiorly. It consists of the 
base of the tongue, which includes the pharyngoepiglottic folds 
and the glossoepiglottic folds; tonsillar region, which includes 
the fossa and the anterior and posterior pillars; soft palate, which 
includes the uvula; and posterior and lateral pharyngeal walls. 
There are no anatomic barriers separating the oropharynx from 
the oral cavity anteriorly, the nasopharynx superiorly, and the 
supraglottic larynx and hypopharynx inferiorly. The overwhelm-
ing majority of oropharyngeal cancers are squamous cell carcino-
mas. A substantial part of oropharyngeal cancers are human 
papilloma virus ( HPV  ) associated, which have somewhat  differ-
ent   clinical presentation, and are more radiosensitive and  have   
better prognosis than non-HPV-associated oropharyngeal can-
cers. Oropharyngeal tumors have a considerable risk of metasta-
sizing to the lymph nodes of the neck and retropharyngeal 
region. The variety of structures and the absence of anatomic 
borders make it diffi cult to come up with a “one size fi ts all” 
treatment strategy. 

 The primary treatment for oropharyngeal  cancer   is either sur-
gery and/or radiation therapy, either with or without accompany-
ing chemotherapy. These conventional treatments can have 
undesired effects, especially when applied to recurrent tumors. 
There is a place for photodynamic therapy (PDT) to treat superfi -
cial tumors as primary treatment and deeper recurrent tumors, 
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when conventional treatments cannot be given or would cause too 
much morbidity. 

 A thorough workup and multidisciplinary approach is essential 
to consider a tumor treatable with PDT. The most important con-
sideration is involvement of lymphatic nodes.  Lymph node   metas-
tasis screening, including imaging and fi ne-needle aspiration 
cytology (FNAC) of suspected lymph nodes, should be carried 
out. PDT is a local treatment, having none to slight indirect effect 
on lymph node metastasis. Therefore in the presence of lymphatic 
metastasis, alternative treatments would be a better option. Since 
the penetration of light is a limiting factor for PDT, the depth of 
the tumor should be assessed with imaging. The next step in the 
workup is comparing the possible undesired effect of different 
treatment strategies, such as problems with reconstruction, swal-
lowing, and articulation. 

 For example, PDT of a superfi cial tumor involving both sides 
of the soft palate would provide adequate treatment in one session, 
with minimal to no tissue loss, has advantages over surgery which 
would require reconstruction, or radiation treatment which 
requires several sessions. 

 Another good example is the treatment of base of  tongue 
tumors  , recurrent after (chemo)radiation treatment. Many of 
these lesions require total glossectomy, rendering the patient 
unable to swallow and articulate. A good number of patients 
refuse such a surgery. Interstitial photodynamic therapy (iPDT) 
can be applied with some success, which will be explained later in 
this chapter.  

     Superfi cial Tumors   

 PDT can be indicated for the treatment of superfi cial primary 
tumors as well as secondary or recurrent tumors. 

 Patient selection and workup: The accurate selection of PDT 
candidate lesions is essential for success. The workup should 
include screening for metastasis. It is well known that even small 
tumors of the oropharynx have a considerable risk of lymph node 
metastasis, not only to the neck nodes but to the retropharyngeal 
nodes as well. In our institute the workup consists of ultrasonogra-
phy of both sides of the neck with eventual FNAC of suspicious 
nodes and MRI of the region [ 1 ]. 

 The depth, or better expressed the thickness, should be 
assessed as accurately as possible, before deeming a lesion a PDT 
candidate. PDT is limited  by   penetration of light in the tumor 
tissue. The penetration of treatment light is dependent on many 
factors, such as the wavelength, fl uence, fl uence rate, and optical 
properties of the treatment volume. These properties are explained 
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in detail elsewhere in this book. The wavelength of the treatment 
light is chosen according to the activation properties of photosen-
sitizers ( PS     ). The most commonly used PSs for the oropharynx 
are photofrin activated by 630 nm wavelength and temoporfi n 
(mTHPC) by 652 nm  wavelength   light. In our institute we use 
temoporfi n as our preferred PS. The observed treatment effect is 
around 8–10 mm [ 2 ,  3 ]. We would like to include a safety and 
inaccuracy margin of at least 4 mm. Therefore we accept a cut-off 
of 4 mm thickness for PDT. The thickness is evaluated with a 
combination of  ultrasound   and MRI. The ultrasound appears to 
be more accurate in determining the depth, compared to MRI 
[ 4 ], however, not all lesions of the oropharynx are easily accessi-
ble with ultrasound. If there is controversy between the two 
imaging methods the deeper measurement is accepted to be on 
the safe side. 

 Once the candidacy is established, the  treatment   options are 
considered and compared by a multidisciplinary tumor board. 
PDT has the  advantage   of minimal tissue loss and scarring, no need 
for reconstruction, and very frequently single stage treatment over 
conventional methods for the well selected superfi cial tumors. 

 The photosensitivity caused by systemic photosensitizers 
requires that the patients receive adequate counseling. The period 
of photosensitivity is dependent on the photosensitizer and can 
range from a few hours to 6 weeks. Temoporfi n causes a  photosen-
sitivity   of 2 weeks. In our institute a dedicated nurse practitioner 
informs and thereafter follows the patients. Patients should be pro-
vided with printed light avoidance guidelines and a light meter to 
measure ambient light in the living quarters. Every day, the patient 
can be exposed to more light according to the guidelines provided 
to the patient. The patients also receive information about airway 
management, feeding, and other aspects of the postoperative course. 

  Treatment Technique   The  PS   is administered a certain time 
before the procedure, depending on the optimal drug light inter-
val of the type of PS used. In case of temoporfi n, this drug light 
interval is 4 days.  

 The selection of  light delivery technique   is dependent on the 
location of the tumor. Essentially two different light diffuser types 
are  usually   used:  linear diffuser   providing a cylinder of light over a 
length of the diffuser or a microlens providing a spot of light. 
Tumors of the soft palate, tonsillar pillars and sometimes the pha-
ryngeal back wall can be approached transorally and treated with a 
spot of light by using an optical fi ber with a  microlens tip  . A linear 
diffuser inserted via the nose can provide light coverage of lesions 
located in the vallecula, side wall, or back wall of the oropharynx. 
The normal structures should be protected from the PDT effect by 
using a  black shielding wax  . Figure  1  demonstrates the approaches 
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and the shielding of normal tissues. In our institute, we give 20 J/
cm 2  fl uence, with a fl uence rate of 100 mW/cm 2 . The treatment 
takes 200 s/light spot. If the tumor cannot be covered with one 
spot several spots can be used. The tumor and 5–10 mm mucosal 
margin should be treated.

     Postprocedure course    is marked by edema and local pain. We 
routinely administer systemic dexamethasone and taper over 2 
weeks. The pain management is with fentanyl transdermal 
patches, paracetamol (acetaminophen), and locally applied lido-
caine gel. 

 The  airway management and feeding   should be carefully con-
sidered. PDT of smaller lesions of the soft palate or tonsil area does 
not cause airway or feeding problems. Treatment of widespread 
lesions of the posterior or lateral pharynx wall or the tongue base 
might necessitate an elective temporary tracheotomy and tempo-

  Fig. 1    While superfi cial tumors located on the soft palate can be treated with a 
spot of light from  a   microlens diffuser, extended surface tumors of the back, 
front, or side wall of the oropharynx can be treated with a linear diffuser inserted 
via the nose ( top  ). The normal tissues should be protected with black wax 
( bottom  )       
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rary tube feeding. Once the edema subsides tracheotomy can be 
closed and oral intake can be started. 

 The tissue response to PDT is mainly necrosis. Figure  2  dem-
onstrates an  uvula squamous cell cancer   treated with PDT and the 
 necrosis 2 weeks after the treatment. The necrosis disappears and 
gets replaced by mucosa 4–6 weeks after PDT. If larger areas are 
treated, this period may take longer, sometimes up to 6 months.

    Clinical Outcomes   PDT of the oropharynx is not separately 
reported in the literature. In a series of 170 patients of oral cavity 
and oropharyngeal cancer we have published [ 5 ], we reported 26 
patients with oropharynx cancer treated with surface PDT. The 
overall complete response was 66 %.  All   of the primary lesions 
(seven lesions) had complete response. Second primary or recur-
rent lesions had lower complete response rate (53 %). Other pub-
lished series with temoporfi n or  photofrin      include oropharyngeal 
cancers but do not report separate results [ 6 – 24 ].   

  Fig. 2    A  superfi cial   tumor located on the soft palate before ( a ) and 2 weeks after 
( b ) PDT. The treatment response is marked by necrosis       
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     Deep-Seated Tumors   

 Many of the recurrent tumors in the base of  tongue and tonsillar 
region   are deep tumors. One of the limitations of PDT is the depth 
of penetration of light. When tumors are illuminated from the sur-
face, the therapeutic effect is observed 8–10 mm deep with temo-
porfi n mediated PDT [ 2 ,  3 ]. This depth may vary with the 
variations in optical properties of the tumor. Other photosentizers 
may have different depth of therapeutic effect based on the activa-
tion wavelength. Therefore, deeper tumors should be treated with 
implanting light sources in the tumor, e.g., interstitial 
PhotoDynamic Therapy (iPDT) [ 25 – 30 ]. 

 There is not enough evidence yet to propose  iPDT   as a cura-
tive treatment for the primary cancers. The current indication is 
recurrent or multiple primary cancers. The most common treat-
ment for base of tongue and tonsil cancers is radiation treatment. 
Transoral robotic surgery (TORS) is gaining popularity in the 
treatment of smaller tumors. If the tumor recurs locally, curative 
treatment option, more often than not, involves total glossectomy. 
A considerable number of patients refuse total glossectomy because 
of the associated morbidity. Some centers defi ne such tumors as 
functionally inoperable [ 31 ]. iPDT can be an alternative to total 
glossectomy. 

  Treatment Technique   The main purpose of preoperative evalua-
tion is to determine whether the entire tumor volume can be 
treated with PDT. Therefore, the recurrent residual disease should 
be locoregional without distant metastasis. In our clinic we use 
PET scan to rule out distant metastasis.  

 We believe it is essential to establish a treatment plan before 
actually undertaking the treatment. In our clinic we use a  brachy-
therapy based approach   and brachytherapy planning software to 
simulate the treatment. There are centers which prefer intraopera-
tive decision- making and implantation based on ultrasound imag-
ing. The rest of this chapter is  a   description of  brachytherapy   based 
temoporfi n mediated  iPDT method  . 

 Magnetic resonance imaging ( MRI  ) is the imaging tool of 
choice for  oropharynx tumors   providing the clearest delineation of 
the neoplastic tissues. We fi nd it important that the entire gross 
tumor volume (GTV) plus at least 5 mm margins around the tumor 
are adequately treated. The relationship of the tumor to the carotid 
arteries and mandibular should be determined to avoid complica-
tions. Tumors invading the bone are harder to treat because of 
penetration and refl ection of light. Customized brachytherapy 
software is used to plan iPDT. The planning is very similar to that 
of ionizing brachytherapy. The point sources of radiation are 
replaced by linear array of light emitting point sources produced by 
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a linear diffuser. The light sources are planned to lie parallel to each 
other, at a distance of not greater than 15 mm, to account for the 
treatment effect depth of 8 mm. The planning provides us with an 
adequate idea of the  number   of light sources necessary to be 
implanted and insertion angle. The illumination phase can be sim-
ulated, in other words the light sources can virtually be turned on, 
to see if there is any geographic miss, which can thereafter be cor-
rected by modifying the planning. Figure  3  is a screenshot of the 
actual simulation of a patient with recurrent base of tongue tumor. 
Figure  4  shows a 3-dimensional reconstruction of a simulated 
iPDT of the same tumor. The planned angle of light source implan-
tation is visible in relation to the mandible and hyoid bone.

    Implantation of light sources is usually performed under gen-
eral  anesthesia  . The tumors located in the base of the tongue are 
better implanted with brachytherapy loop catheters that penetrate 
from the skin surface to the oropharyngeal lumen and are fi xed 
both on the mucosa and the skin surface to eliminate shifting arti-
facts. Perfect parallel and straight placement of catheters is usually 
not possible. Therefore the placement should be checked with 
intra-operative CT scan. The air containing catheters are easily vis-
ible on CT scan. The brachytherapy software can automatically 
load the catheters with light sources and run the simulation again. 
Figure  5   demonstrates   this confi rmation simulation. If there are 
areas not receiving light an additional catheter can be placed.

  Fig. 3    A screenshot  of   treatment simulation as seen on a brachytherapy software. Such a simulation allows 
viewing possible insertion angles and arrangements. The length of diffusers can be observed at the  lower part  
of the screen       
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  Fig. 4    A 3-dimensional reconstruction of the iPDT simulation. The planned light 
sources in relation to the mandible and hyoid bone can be observed       

  Fig. 5    A simulation on an intraoperative confi rmation CT. The actual places of the air containing  catheters   can 
be easily seen. The software recognizes the catheters and fi lls in the light sources automatically       
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   We use 4–6 linear diffusers simultaneously to deliver light can 
be connected to the laser and used simultaneously to deliver light 
(Fig.  6 ). The length of the  diffusers light-emitting section   is deter-
mined by the pretreatment planning. The length can be fi ne tuned 
by introducing metal shielding tubes over the diffusers. The diffus-
ers are introduced into the placed catheters. It is very important 
that the catheters do not have blood in them since hemoglobin is 
an important light absorber at this wavelength and works like a 
fi lter. Preferred illumination fl uence is 30 J/cm of diffuser length. 
So a 4 cm diffuser would deliver 120 J. The illumination takes 300 
s  with   a fi xed fl uence rate. Multiple diffusers can be used simulta-
neously (Fig.  6 ). Once the illumination is complete the catheters 
can be removed.

    
 Many of the patients who are candidates for  iPDT   have received 
extensive treatment to the  upper aerodigestive tract  . Therefore, 
many patients already have impaired swallowing and/or airway 
functions. When iPDT is applied to a cancer located in the  upper 
aerodigestive tract  ,  substantial edema   follows impairing the airway 
patency and swallowing function. It is advisable to perform a tra-
cheostomy and introduce a feeding tube. 

 The edema and pain peak at the fi rst post-treatment day and 
subside gradually. In many cases the tracheostomy tube can be 
removed 7 days after treatment. Some patients might remain tra-
cheostomy and/or feeding tube dependent which is related to the 
extent of the treatment and previous treatments. We routinely 

  Periprocedure Course

  Fig. 6    Light delivery to a base of tongue tumor by linear diffusers introduced 
through brachytherapy loop catheters       
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administer systemic  dexamethasone and taper over 2 weeks. The 
pain management is with fentanyl transdermal patches, paracetamol 
(acetaminophen), and locally applied lidocaine gel. 

 In 2–3 weeks following iPDT, the tumor can be observed to 
turn pale and start to become necrotic. In the following 2–3 
months, necrosis of the tumor becomes obvious with pieces of 
necrotic tissue becoming detached. This process is dependent on 
the size of the treated cancer and can take up to 6 months. The 
response is determined with MRI at 3 and 6-month post-treatment 
time points. Communication with the radiologist is crucial, as 
necrosis at 3-month post-treatment can easily be confused with 
residual cancer and even some cases interpreted as cancer progres-
sion. At 6 months, the effect of the treatment is more obvious, 
presenting as tissue defects where the cancer previously existed. 

  Clinical Outcomes   There is not much published data over iPDT 
of  oropharyngeal tumors  . We have reported iPDT of 20 bases of 
tongue tumors, with complete response in 9 patients and long-
term disease control in 4 patients. Jerjes et al. reported ultrasound 
guided PDT of 21 patients with base of tongue tumors [ 30 ].  

  Adverse Events   If any part of the skin gets exposed to sunlight for 
an extended time, within the fi rst 3 weeks following photosensi-
tizer administration, the patient will get a second or third degree 
burn. As necrotic tissue detaches, it can rarely be accompanied by 
bleeding. In case of major bleeding intra-arterial embolization can 
be considered. The most common adverse event with iPDT is tis-
sue defects. In some cases there can be through-and-through 
defects between the skin and the oropharynx. Therefore, it is cru-
cial to protect the uninvolved tissue from the treatment light.       
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    Chapter 23   

 Photodynamic Therapy for the Management 
of Laryngeal Malignancies                     

     Merrill     A.     Biel       

       Photodynamic Therapy for the Management of Laryngeal Malignancies 

  Carcinoma   of the larynx accounts for 25–30 % of all  carcinomas   of 
the head and neck [ 1 ]. Early carcinomas of the larynx (Cis, T1 ,  
T2) and severe dysplasia are presently treated with either radiation 
therapy or surgery alone. Five-year cure rates achieved with this 
therapy is 75–90 %.  Radiation therapy   has the  advantage   of pre-
serving the physical integrity of the larynx, thereby preserving the 
voice. Radiation therapy, however, has signifi cant disadvantages 
even when small laryngeal fi elds of radiation are used. These dis-
advantages include discomfort and mucositis during and for 
potential prolonged periods after therapy, permanently altered 
voice quality, dysphagia, chondroradionecrosis of the larynx and 
trachea, and the extensive length of therapy (6–7 weeks) [ 2 ,  3 ]. 
Surgical therapy for early carcinomas, that is, T1 and T2, of the 
larynx includes performing a partial cordectomy or  hemilaryngec-
tomy  . Although cure rates are high, surgical removal of portions 
of the vocal cord or hemilarynx results in signifi cant alteration of 
the quality of voice [ 4 ]. 

 Severe  dysplasia and Cis   may also be treated with either radia-
tion or limited surgery with either microsurgical techniques or laser 
 excision  . Le reported on 82 patients with Cis of which 15 were 
treated with vocal cord stripping with a 56 % local control rate, 13 
treated with extensive laser resection/hemilaryngectomy with a 71 
% local control rate, and 54 treated with radiotherapy with a 79 % 
local control rate. Anterior commissure involvement was a signifi -
cant negative prognostic factor. Subjective voice quality was good 
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to excellent in 73 % of patients who underwent vocal cord strip-
ping, 40 % of those who underwent extensive resection, and 68 % 
who underwent radiation therapy [ 5 ]. Zeitels reported on seven 
patients with Cis undergoing microsurgical resection. Two patients 
developed subsequent microinvasive cancer requiring more aggres-
sive treatment [ 6 ]. Smith reported on 25  patients   with Cis  treated 
  with surgical resection with an 88 % cure rate [ 7 ]. Sittel reported 
on laser excision of  vocal cord cancer  s and noted signifi cant effect 
on voice with anterior commissure resections even when done in a 
staged fashion [ 8 ]. Chone reported on 48 patients with early glot-
tis cancer treated with laser microsurgical resection. He noted a 79 
% local control rate and a 96 % laryngeal preservation rate [ 9 ]. 
Rucci presented the results of 81 patients treated with CO 2  laser 
therapy for Cis and T1 glottic cancers and noted a 35 % recurrence 
rate [ 10 ]. 

 Garcia-Serra reported on 30 patients with Cis treated with 
radiotherapy with an 88 % local control rate. Review of literature 
for radiotherapy of Cis demonstrated an 87.4 % weighted local 
control rate at 5 years on 705 patients in 22 published reports. 
Review of ten reports of laser excision treatments of Cis demon-
strated an 82.5 % control rate in 177 patients. Many required mul-
tiple laser excisions [ 11 ]. 

 Damm reported on 29 patients with Cis treated with laser 
excision. Seventy-six percent (22/29) required more than one 
laser excision for persistence of disease, nine of which were in the 
anterior commissure. Two-year disease-free survival rate was 86 
%. Dysphonia was reported in all patients and none had improved 
voice over the pretreatment state [ 12 ]. A literature review of con-
trol rates of various treatments for Cis were as follows: laser exci-
sion (104 patients), 20 % initial failure rate and 1 % larynx lost; 
vocal cord stripping (235 patients), 34 % failure rate and 12 % 
larynx lost; and radiotherapy (481 patients), 16 % failure rate and 
7 % larynx lost [ 12 ]. The literature therefore demonstrates that 
surgical techniques to treat Cis are best limited to those patients 
where the Cis does not involve the anterior commissure or the 
bilateral vocal cords. Khan reported a 20-year experience  of   
defi nitive  radiotherapy for early glottic cancers on 141 patients. 
The 5-year local control rate was 94 % for T1a, 83 % for T1b, 87 
% for T2a, and 65 % for T2b. Of those patients with impaired 
voice, 73 % noted signifi cant voice improvement after radiother-
apy [ 13 ]. Hafi dh presented the results of 150 patients treated 
with radiotherapy for T1/T2 glottic cancers. Seventy-one per-
cent of T1 and 63.3 % of T2 carcinomas were controlled with 
radiotherapy with an average follow-up of 37 months [ 14 ]. Hartl 
presented a review of treatment options for glottis cancer and 
noted using primary radiotherapy a 43–91 % control rate for T1 
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carcinomas and a 50–85 % control rate for T2 carcinomas [ 15 ]. 
Lee reported on the oncologic outcomes of 118 patients with T1 
and T2 glottic cancer treated with one-stage transoral laser micro-
surgery. The 5-year disease-free survival rate was 87.9 % and local 
control rate with laser alone, including multiple treatments for 
recurrence, was 94.2 % [ 16 ]. Batella performed a voice quality 
study of patients who underwent endoscopic laser surgery and 
radiotherapy for T1 glottic carcinomas and noted that  voice   qual-
ity was affected both by surgery and radiotherapy, although there 
was a reduced impact on the patient’s perception of voice quality 
after radiotherapy [ 17 ]. 

 The optimal treatment for severe dysplasia and early carcino-
mas of the larynx would be one that is effective, safe, repeatable, 
minimally invasive, nonsurgical, and a less time-consuming ther-
apy than radiotherapy. Photodynamic therapy is potentially such 
a treatment for severe dysplasia and early carcinomas of the 
larynx. 

   Photodynamic therapy ( PDT  ) is a minimally invasive treatment 
involving the use of a  photosensitizing drug   and laser light for the 
treatment of a variety of cancers. When administered, these com-
pounds are accumulated and retained to a greater degree in malig-
nant tissues than normal tissues. The drugs remain inactive until 
exposed to a specifi c wavelength of light. The light, usually from a 
laser, is transmitted through specially modifi ed fi ber optics and 
activates the drug. The resulting photochemical reaction results in 
the production of oxygen radicals thereby destroying diseased cells 
with little effect on normal tissues. To date, PDT has been used to 
treat  carcinomas   in many organs, and Photofrin-based  PDT   has 
been approved by the US FDA to treat early- and end-stage endo-
bronchial and esophageal squamous cell carcinomas and Barrett’s 
dysplasia. In particular, the use of PDT to treat early carcinomas of 
the head and neck has been promising [ 18 – 26 ]. 

 The generally accepted mechanism of action of PDT is that 
there is an energy transfer process from the light-activated or light- 
excited triplet state of the photosensitizer to oxygen producing 
singlet oxygen which in turn causes irreversible oxidation of some 
essential cellular component. It has also been shown that the 
 vasculature changes within the tumor necrosis subsequent to PDT 
result in ischemia that is responsible for tumor necrosis. Either or 
both are suffi cient to explain the remarkable necrosis of tumors 
within 2–5 days following PDT with Photofrin. 

 Photofrin R  (porfi mer sodium) concentrates in malignant tissue, 
is activated by penetrating light (630 + 3 nm), produces fl uores-
cence, and is photochemically effi cient. Photofrin R  has produced 
only one major side effect as a result of its use:  light sensitivity  . 

 Photodynamic Therapy

Photodynamic Therapy for the Management of Laryngeal Malignancies
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 Photodynamic therapy has been demonstrated to be effective 
in the treatment of early carcinomas of the head and neck [ 18 – 26 ]. 
Furthermore, preliminary studies on the treatment of benign 
laryngeal papillomatosis with PDT have demonstrated this treat-
ment to be safe and effective [ 27 ,  28 ]. 

 The advantage of  PDT therapy   for early carcinomas of the lar-
ynx is the ability to preserve normal endolaryngeal tissue while 
effectively treating the carcinomas. This results in improved laryn-
geal function and voice quality [ 29 ]. Furthermore, PDT requires a 
short duration of therapy as compared to radiation therapy, is 
repeatable and carries less risk than surgical therapy, and is per-
formed as an outpatient noninvasive treatment. Importantly, the 
use of PDT does not preclude the use of radiotherapy or surgery in 
the future for new primary or recurrent disease. The following is a 
retrospective review of the author’s 144 patients treated with 
Photofrin-based photodynamic therapy for early laryngeal cancers 
between 1990 and 2010.   

   Materials and Methods 

 The author’s clinical experience with PDT for the treatment of 
laryngeal  carcinomas   spans 23 years. One hundred forty-four 
patients with focal Cis, T1, T2, T3, and T4 glottic carcinomas of 
the larynx with N0 necks, of which 120 were Cis and T1 and 17 
were T2, were treated with PDT from February 1990 to September 
2010. All patients were treated according to specifi c protocols in 
accordance with FDA and local IRB approvals. Pretreatment eval-
uation included a history and physical examination, endoscopic 
examination with tumor mapping and biopsy, routine laboratory 
evaluation, and photographic documentation. CT or MRI scan-
ning was performed for all patients with tumor stage greater than 
T1N0. All treatments were performed using the photosensitizer 
PHOTOFRIN (Pinnacle Biologics, Bannockburn, IL) as an off- 
label use indication. The male-to-female ratio was 109:35, with an 
age range of 24–92 years. 

  Photofrin   was injected intravenously at a dose of 2.0 mg/kg 
over a 5 min period as an outpatient procedure. Approximately 48 
h after the injection, the patients underwent treatment with light 
from an Nd:Yag-pumped dye laser (Laserscope) or a 630 nm diode 
laser (AngioDynamics, Latham, NY) at a 630 nm wavelength. 
Light was delivered to the tissue bed with a 400 μm fused silica 
optical microlens fi ber (LaserGuide, Inc., Buellton, CA). A micro-
lens treatment was used for all tumors with a depth of less than 
3 mm. These light treatments were performed at 80 J/cm 2  and 
150 mw/cm 2 . For T2 or greater laryngeal tumors, cylindrical dif-
fusers 0.5–2.5 cm in length were placed in the tumor bed using an 
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18-gauge catheter under laryngoscopic guidance. These light 
treatments were performed at 100 J/cm fi ber length and 400 mw/
cm fi ber length. All treatments were performed on an outpatient 
basis under general anesthesia with standard laryngoscopy. 

 On completion of treatment, each patient received  Decadron      
10 mg intravenously for one dose to reduce tissue edema and was 
discharged on oral pain medications. All patients were instructed 
to avoid daylight for 30 days. Tumor response was evaluated at 1 
week, 1 month, and then monthly thereafter for 1 year and every 
3 months thereafter. Multiple biopsy specimens of the treated area 
were obtained for most patients 1 month after treatment to evalu-
ate a complete histopathologic response.  

   Results 

 One hundred thirty-seven patients with recurrent or primary Cis, 
T1N0, and T2N0 laryngeal tumors were treated with PDT for 
cure. Four patients had recurrent Cis, 116 patients had T1N0 car-
cinomas of the true vocal cord of which 27 were radiation failures, 
and 17 patients had T2N0 carcinomas of the true vocal cord of 
which 9 were radiation failures. All patients underwent a single 
microlens light treatment and most T2 tumors also underwent 
cylindrical diffuser implants into the paraglottic space. All treat-
ments were performed under general anesthesia with standard 
laryngoscopy and all patients were discharged to home the same 
day of PDT treatment. All patients obtained a complete histopath-
ologic response after  a   single light treatment (Figs.  1  and  2 ). With 
a follow-up of up to 60 months (mean 57 months), there were 14 

  Fig. 1    Recurrent right vocal cord cancer as a failure of radiotherapy       
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recurrences for a 5-year cure rate of 90 %. Importantly, all the 
recurrences were salvaged using either PDT, surgery, or radiation 
for a total 5-year cure rate of 100 %. In the entire treatment group 
there were no episodes of airway compromise and the degree of 
postoperative pain was minimal and easily controlled with oral 
analgesics. No patients required a tracheostomy before or after 
PDT treatment. All patients after treatment developed an immedi-
ate breathy voice that persisted for 2–3 weeks. At 4–6 weeks after 
treatment, the quality of voice was universally much improved over 
the pretreatment state. In addition, videostroboscopy 6 weeks post 
PDT treatment performed on ten patients demonstrated a normal 
vocal cord mucosal fl uid wave on the treated vocal cord.

    In the entire series of 144 patients, no patient developed a 
signifi cant sun-induced photosensitivity reaction, i.e., signifi cant 
facial edema or skin blistering. In all patients the treated area dem-
onstrated maximal necrosis by 7 days after light treatment, and 
there was complete healing by 4 weeks after treatment. The degree 
of treatment-related pain was minimal and limited and was 
 adequately controlled with oral analgesics. The pain was uniformly 
resolved within 2–3 weeks of treatment.  

   Discussion 

 Although this author has presented the results of Photofrin-based 
PDT for the treatment of laryngeal cancers, it is important to rec-
ognize that other photosensitizers have been used and continue to 
be investigated for the treatment of head and neck cancers with 
very similar results [ 25 ,  26 ]. 

  Fig. 2    Six weeks after PDT treatment of recurrent right  vocal cord cancer   with 
resolution of disease       
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 Patients with early-stage cancers or early recurrences of the 
 larynx   (Cis, Tl, T2) tend to have an excellent response to PDT. 
Of 172 patients in this group, all patients obtained a durable 
complete response rate of 88 % with up to a 16-year follow-up. 

 Multiple centers have reported phase II study data on the use 
of Photofrin-based PDT to treat Cis-T2 carcinomas of the larynx 
[ 18 – 24 ] (Table  1 ). Freche (1990)  r  eported on 32 patients with 
T1 vocal cord carcinomas treated primarily with PDT. Twenty-
fi ve of 32 patients obtained a complete response for a complete 
response rate of 78 % [ 18 ]. Feyh (1996) treated 12 patients with 
Tis-T2 laryngeal carcinomas. Eleven of 12 patients obtained a 
complete response for a complete response rate of 91 % [ 19 ]. 
Gluckman (1991) treated two patients with T1 carcinomas of the 
larynx, both of which obtained a complete response [ 20 ]. 
Schweitzer (2000) treated ten patients with Tis-T2 carcinomas of 
the larynx of which eight obtained a complete response for an 80 
% complete response rate [ 21 ]. Biel (2006) treated 110 patients 
with early laryngeal tumors (Tis, T1, T2), 32 of which were radia-
tion failures, treated with Photofrin 2 mg/kg using a microlens 
fi ber at 80 J/cm 2 , 48 h after Photofrin injection. All but ten 
patients (91 %) obtained a durable complete response after a single 
PDT treatment (100 % salvage) with a follow-up of up to 201 
months (mean 91 mos.) [ 23 ]. Rigual (2009) treated six patients 
with severe dysplasia and T1 glottic carcinomas. Five of six patients 
obtained a complete response [ 24 ].

   Dilkes treated fi ve patients with T1-2 laryngeal tumors with 
Foscan PDT. Only one of the fi ve patients had no recurrence of 
disease [ 25 ]. 

 Grossman reported on the treatment of one patient with the 
use of  oral Levulan   PDT to treat a patient with multiple recur-
rent glottis severe dysplasia despite CO 2  laser excisions and vocal 

   Table 1 
  Summary of published results with Photofrin PDT of early squamous cell cancer of the  larynx     

 Study  Patients  Lesion and site 
 Drug, dose 
(mg/kg) 

 Response ( n ) 

 Complete  Partial  None 

 Feyh et al. [ 19 ]  12  T1 and T2, larynx  Photosan III  11  1  0 

 Freche et al. [ 18 ]  32  T1, larynx  HPD, 3  25  7  0 

 Schweitzer [ 21 ]  10  T1,  larynx    Photofrin, 2  8  2  0 

 Gluckman [ 20 ]  2  T1, larynx  Photofrin, 2  2  0  2 

 Biel [ 22 ,  23 ]  110  Cis, T1 and T2 larynx  Photofrin, 2  110  10  0 

 Rigual [ 24 ]  6  Severe dysplasia and T1 
 larynx   

 Photofrin, 2  5  0  1 
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fold strippings. They demonstrated a complete response after 
one treatment and the patient remains free of disease for 6 
months [ 26 ]. 

 Cis, T1, and T2 carcinomas of the larynx appear to be particu-
larly effectively treated with PDT. A literature review of control 
rates of various treatments for Cis of the  vocal cord   was as follows: 
laser excision (104 patients), 20 % initial failure rate requiring fur-
ther therapy and 1 % larynx lost; vocal cord stripping (235 patients), 
34 % failure rate and 12 % larynx lost; and radiotherapy (481 
patients), 16 % failure rate and 7 % larynx lost [ 12 ]. The literature 
demonstrated that surgical techniques to treat Cis are best limited 
to those patients where the Cis does not involve the anterior com-
missure or the bilateral vocal cords. Hartl presented a review of 
treatment options for glottis cancer and noted using primary radio-
therapy a 43–91 % control rate for T1 carcinomas and a 50–85 % 
control rate for T2 carcinomas [ 15 ]. Rucci presented the results of 
81 patients treated with CO 2  laser therapy for Cis and T1 glottic 
cancers and noted a 35 % recurrence rate [ 10 ]. 

 The present clinical series demonstrates the effi cacy of 
Photofrin-mediated photodynamic therapy as a curative treatment 
for Cis, T1 (85–91 %), and T2 (72 %) primary or recurrent squa-
mous cell carcinomas of the larynx. PDT for  laryngeal carcinomas   
results in no glottic scarring as compared to conventional laser or 
surgical excision or vocal cord stripping. For recurrent carcinomas 
of the larynx that have failed conventional radiation therapy, PDT 
allows excellent voice preservation and may eliminate the need for 
partial or total laryngectomy. Also, PDT can be repeated without 
additional functional laryngeal compromise that can occur from 
repeated conventional laser surgery or cordectomy. Importantly, 
PDT treatment of primary T1 and T2 laryngeal carcinomas reserves 
radiation therapy for treatment of recurrences or of second head 
and neck primaries that may occur in these high-risk patients. 

 The side effects of PDT treatment of laryngeal carcinomas are 
quite minimal as compared to that of conventional radiotherapy or 
surgery. PDT treatment is performed as a single outpatient proce-
dure as compared to 6–7 weeks of radiotherapy or the hospitalization 
associated with a partial or total laryngectomy. The photosensitivity 
of Photofrin is a temporary inconvenience not associated with 
systemic toxicity and is minimized by patient education and tempo-
rary changes in daily outdoor activities. The photosensitivity does 
however last for approximately 4 weeks.  

   Conclusion 

 Photodynamic therapy for treatment of Cis, T1, and T2 laryngeal 
carcinomas in the present series has cure rates that are comparable 
to if not better than that of conventional therapies with less 
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morbidity of treatment. PDT should be considered as a reasonable 
option for the treatment of primary and recurrent Cis, T1, and T2 
squamous cell carcinomas of the larynx.     
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Chapter 24

Photodynamic Therapy for Advanced Malignancies 
and Palliation

Waseem Jerjes and Colin Hopper

Photodynamic therapy (PDT) has proved its usefulness in the 
management of deep-seated head and neck malignancies, with the 
aim to provide local control or for palliation purposes. The princi-
ples of this minimally invasive surgical intervention (PDT) depend 
on three factors: (1) systemic administration of a photosensitiser 
and its accumulation in the target tissue (i.e. pathology), (2) light 
(of a specific wavelength) delivery to the target tissue and (3) the 
resultant photochemical reaction from the interaction between the 
photosensitiser, the oxygen in the target tissue and the light 
(Fig. 1). This reaction, which lasts for few hours, results in selective 
injury to the target tissue with some collateral tissue damage. The 
extent of this selective tissue injury is influenced by many factors, 
including the photosensitiser (type and concentration), the deliv-
ered light (dose and dose rate) and the target tissue (oxygen avail-
ability and cellular localisation) [1–12].

 Photosensitisers

Until now, two generations of photosensitisers are used in inter-
ventional oncology in head and neck. First generation photosensi-
tisers include Profimer Sodium (Photofrin) which has been 
successfully used in Barrett’s high-grade dysplasia, oesophageal 
and endobronchial carcinomas. To achieve maximal absorption 
and high effectivity, the following parameters must be applied: 
light wavelength 630 nm, drug dose 2 mg/kg, drug/light interval 
48–72 h, fluence 100–200 J/cm2 and fluence rate 100 mW/cm2 
[1–12].
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Second generation photosensitisers include 5-aminolevulinic 
acid which has been successfully used in basal cell carcinoma, 
actinic keratosis and oral dysplasia. To achieve maximal absorption 
and high effectivity, the following parameters must be applied: 
light wavelength 635 nm, drug dose (20 % paste or systemically 
“oral 60 mg/kg” or “intravenous 30 mg/kg”), drug/light inter-
val 3–6 h, fluence 100 J/cm2 and fluence rate 100–150 mW/cm2 
[1–12].

mTHPC (Meso-tetrahydroxyphenyl chlorin, Foscan) is another 
second generation photosensitiser which has been extensively used 
in the management of deep-seated pathologies in the head and 
neck, including carcinomas, some sarcomas and vascular anomalies. 
To achieve maximal absorption and high effectivity, the following 
parameters must be applied: light wavelength 652 nm, drug dose 
0.15 mg/kg, drug/light interval 96 h, fluence 10–20 J/cm2 and 
fluence rate 100 mW/cm2 [1–12].

Third generation photosensitisers are still being assessed 
through clinical trials and yet to be introduced for use in clinical 

Photosensitiser

The photosensitiser is activated by light
and interacts with molecular oxygen to
produce excited state reactive oxygen

Accumulation

Intracellular oxidation

Apoptosis or direct
tumour cell death

Vascular shut down

Tumour ischeamia
and death

Laser delivered

1O2 2O2

Disease control

Fig. 1 Principal of photodynamic therapy. The figure is adapted from authors’ own article: Jerjes W, Upile T, 
Akram S, Hopper C. The surgical palliation of advanced head and neck cancer using photodynamic therapy. 
Clin Oncol (R Coll Radiol). 2010 Nov;22(9):785–91
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practice. The aim of the third generation photosensitisers will be to 
offer better tumour specificity with less collateral tissue  damage 
and shorter period of generalised body photosensitivity [1–12].

 Delivery of Light

This depends entirely on the target tissue (i.e. pathology) location 
and size. Surface illumination probes are used to deliver the laser 
light to the superficial target tissue. Depth of penetration and 
effect varies per photosensitiser, delivered light and target tissue, 
as discussed earlier. For example, surface illumination of a diseased 
area in the head and neck using mTHPC formula (light wave-
length 652 nm, drug dose 0.15 mg/kg, drug/light interval 96 h, 
fluence 10–20 J/cm2 and fluence rate 100 mW/cm2) can lead to 
tissue damage of up to 10 mm in depth. Obviously deep-seated 
pathologies require special delivery and guiding systems [1–12] 
(Fig. 2).

Spinal needles are inserted in deeper target tissues and bare 
tip fibre optic probes are passed through them to deliver the 
light. First these spinal needles require guidance to provide 
appropriate positioning in the target tissue allowing the delivery 
of light to the suspect tissue centre and margins. This was initially 
achieved by using multi-hole grids; since then many guiding 
modalities have been used successfully, including two-dimen-
sional ultrasound (US), magnetic resonance imaging (MRI), 
computed tomography (CT), nasoendoscopy, laryngoscopy and 
bronchoscopy. The delivery of light to the margins is essential in 
order to achieve local control and prevent disease recurrence. 
Superficial bulky pathologies can always be reduced surgically, 
and then remaining tissue and its margins can be subjected to 
photodynamic therapy [1–12] (Fig. 2).

 Target Tissue Reaction

Two pathways have been described as a consequence of the photo-
chemical interaction. Direct targeting of the target tissue (i.e. 
tumour) cells by initiating a sequence leading to necrosis and/or 
apoptosis; this is resulted from singlet oxygen generation. The 
indirect targeting, second pathway, sequence affects the target tis-
sue vessels, causing intimal hyperplasia leading to cell ischemia and 
death [1–12].

Following this, it is postulated that a series of inflammatory 
and immunology processes continue to work on the target tissue 
and leads to disintegration (tissue necrosis) and resorption (which 
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may take few weeks) (Fig. 3) and followed by generation of healthy 
tissue. There is minimal damage to the tissue architecture which 
facilitates the regeneration process without scarring. The nerves 
tend to be preserved or sustain minimal damage due to the non-
thermal (cold) nature of this reaction. The photosensitiser and the 
photochemical process cause minimal accumulative toxicity allow-
ing treatment repetition [1–12].

Fig. 2 Mode of light delivery. (a) Surface illumination; (b) prefabricated grid guided; (c) magnetic resonance 
imaging guided; (d) laryngoscope guided; (e) nasendoscope guided; (f) ultrasound guided. The figure is 
adapted from authors’ own article: Jerjes W, Upile T, Akram S, Hopper C. The surgical palliation of advanced 
head and neck cancer using photodynamic therapy. Clin Oncol (R Coll Radiol). 2010 Nov;22(9):785–91

Waseem Jerjes and Colin Hopper
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 Head and Neck Cancer

The incidence of this disease remains high and known to increase 
with age. The majority of patients, at time of diagnosis, are above 
the age of 50 years and a significant number of them present with 
advanced disease. Patients diagnosed with squamous cell carci-
noma, the most common malignancy in this area, have modest 
survival figures at 3 and 5 years. The overall survival is just above 
50 % and the prognosis usually depends on the primary tumour 
size and nodal disease. The conventional treatment modalities 
include surgery, radiotherapy and/or chemotherapy. Despite 
these interventions, recurrent rate is high and is usually associ-
ated with poor outcome. It is reasonable to suggest that there is 
no “magic bullet” to patients presenting with advanced and/or 
recurrent head and neck cancer. However, clinicians and scien-
tists continue to develop new techniques and/or invent new 
therapies that can lead to improved local control and better prog-
nosis [1–12].

Surgery remains the gold standard for this unforgiving dis-
ease. The general aim here is to completely remove the primary 
tumour (with clear margins) and any involved cervical lymphatic 
chain. If this procedure generates a defect, then reconstruction is 
required by using local or regional flap or free tissue transfer with 
the aim to preserve form and function. In case of poor disease 
control (i.e. positive margins, metastasis), radiotherapy with/out 
chemotherapy can be used as the only remaining option. 

Fig. 3 Clinical image showing tissue changes and sloughing post- PDT. The figure 
is adapted from authors’ own article: Jerjes W, Upile T, Hamdoon Z, Alexander 
Mosse C, Morcos M, Hopper C. Photodynamic therapy outcome for T1/T2 N0 oral 
squamous cell carcinoma. Lasers Surg Med. 2011 Aug;43(6):463–9
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Radiotherapy and/or chemotherapy have been used independent 
of surgery to treat head and neck cancer with variable success 
rates. Overall, these modalities have been very helpful in inducing 
long-term remission in many head and neck cancer patients. 
Unfortunately, side effects may arise and can be very debilitating 
and have a negative impact on the quality of life (i.e. mucositis, 
radiotherapy-induced tumours, osteoradionecrosis, flap failure, 
etc.) [1–12].

Photodynamic therapy (PDT) has been developed as an option 
to patients with advanced and/or recurrent head and neck cancer 
who failed one or more of the conventional modalities and as a pal-
liative option. PDT has been found to be very helpful in reducing 
tumour bulk size (compromising breathing, swallowing and/or 
speech mechanisms or causing significant pain), controlling tumour 
invasion of neurovascular structures (causing significant pain), 
dealing with problems where tumours invade the walls of small or 
intermediate size vessels (causing bleeding), as well as dealing with 
many complex tumour-related issues (i.e. visual disturbances in 
retrobulbar tumours and bony invasions) with minimal or reduced 
side effects [1–12].

Forty-five patients with persistent or recurrent head and neck 
cancer were subjected to 0.15 mg/kg mTHPC-PDT. The results 
showed that nine patients achieved a complete response and five 
are alive and free of disease 10–60 months later. The median sur-
vival was 16 months for the 33 responders, but only 2 months for 
the 12 nonresponders. The only serious complication was one 
patient who had a disease-related carotid artery rupture [13]. Jäger 
et al. reported the use of an open interventional magnetic reso-
nance system to guide interstitial PDT for advanced head and neck 
tumours and found this technique to be accurate and safe. Initial 
results were encouraging, with minimal procedural morbidity, suc-
cessful palliation of symptoms and prolongation of expected sur-
vival time [14].

A study by Jerjes et al. prospectively evaluated the outcome 
after ultrasound-guided interstitial PDT of deep-seated advanced 
pathologies. Sixty-eight patients were treated using 0.15 mg/kg 
mTHPC as the photosensitising agent. All three patients who 
presented with visual problems reported improvement after treat-
ment. Fourteen out of 17 patients reported improvement in 
breathing. Improvement in swallowing was reported by 25/30 
patients; whereas speaking improvement was evident in 16/22 
patients and 33/44 reported reduction in the disfigurement 
caused by their pathology. A clinical assessment showed that half 
of the patients had a “good response” to the treatment and a 
third reported a “moderate response,” with two patients in remis-
sion. Radiological assessment comparing imaging 6 weeks post-
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PDT with the baseline showed stable pathology with no change 
in size in 13 patients, a minimal response in 18 patients, a moder-
ate response in 23 patients and a significant response in 11 
patients [3]. A further study confirmed the previous findings that 
photodynamic therapy is a very effective treatment in patients 
with advanced and/or recurrent head and neck carcinomas and 
sarcomas [7].

PDT was identified as successful palliative modality in the 
treatment of advanced and/or recurrent tongue base carcinoma. 
Twenty- one consecutive patients with this disease were sub-
jected to US-guided mTHPC-PDT under general anaesthesia. 
Nine of the 11 patients who presented with breathing problems 
reported improvement after treatment. Also, 19 of the 21 
patients reported improvement of swallowing. Improvement of 
speech was reported by 11 of 13 patients. Clinical assessment 
showed that more than half of the patients had “good response” 
to the treatment and about a third reported “moderate response.” 
Radiological assessment comparing imaging 6 week post-PDT 
to the baseline showed stable pathology with no change in size 
in four patients, minimal response in seven patients, moderate 
response in six patients, and significant response in two patients 
[6]. A further follow-up study confirmed the findings and the 
palliative benefits of PDT in advanced tongue base carcinomas 
[8]. Photodynamic therapy was a very successful palliative ther-
apy for a group of patients with advanced recurrent nasopharyn-
geal carcinomas [10].

The current evidence suggests that photodynamic therapy is an 
appropriate treatment for patients with advanced and/or recurrent 
head and neck cancer. PDT can control disease growth, control 
pain and bleeding. Unfortunately, the curative intent of PDT in 
this cohort of patients is very difficult to achieve. Generally this 
cohort, at the time or presentation, have already failed one or more 
conventional treatment and have a significantly reduced life span. 
The medical literature has highlighted one concerning issue related 
to the effect of PDT on the tumour margins. Currently, there is a 
suggestion that this intervention can eliminate all tumour cells in 
the centre but have a lesser effect on the peripheries (margins) 
[15]. In a systematic review, de Visscher et al. concluded that 
mTHPC-PDT, the curative intent of PDT is still not fully shown 
in the current literature and as a result high quality comparative, 
randomised studies are needed. de Visscher et al. postulated that 
palliative treatment with PDT seems to increase the quality of life 
in otherwise untreatable patients [16]. Rigual et al. suggested that 
the adjuvant use of HPPH-photodynamic therapy and surgery for 
head and neck squamous cell carcinoma seems safe and deserves 
further study [17].

Photodynamic Therapy for Advanced Malignancies and Palliation
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 The London Procedure to Treat Advanced or Recurrent Head and Neck Cancer

The patient is usually discussed at the head and neck multidisci-
plinary team meeting. It has to be agreed that photodynamic ther-
apy is, at the time of assessment, the most suitable intervention to 
the patient. The patient is informed of the discussion and out-
come of the meeting, as well as the pros and cons of the offered 
intervention. The patient makes an informed decision to receive 
PDT for his head and neck disease. The patient is educated about 
this unique therapy and the steps of the treatment and what to 
expect in the peri-PDT and post-PDT periods to reduce anxiety 
and psychological trauma. This includes brief period of localised 
pain while administering the photosensitiser, pain (treatment area) 
in the first 24–72 h, inflammatory reaction in the first 24–72 h 
leading to local tissue swelling that may acutely compromise air-
way, swallowing or speech, other tissue changes leading to changes 
in color and size and generation of mal odour (as a result of tissue 
necrosis) and photosensitivity in the post-PDT period and risk of 
skin burn [1–12, 15, 18].

On day 4 (96 h before light delivery), mTHPC (0.15 mg/kg, 
the photosensitiser) is administered intravenously into the midcu-
bital vein. This would allow the photosensitiser to accumulate in 
the pathological (target) area. The patient is kept in a dim-light 
side room to avoid systemic photosensitisation. On day 0 (light 
deliver day), the patient is taken to theatre and special PDT pre-
cautions is applied to theatre and staff to prevent any accidental 
injury to the patient or staff. The patient is prepped and draped as 
with any standard surgical procedure. A head and neck radiologist, 
using 2D ultrasound (with high resolution), examines the patho-
logical tissue (centre and periphery) with the probe to assess 
tumour volume, depth, invasion of vascular structures, hollow 
organs or hard tissue. Then 18 gauge 70 mm long spinal needles 
are inserted under ultrasound guidance into the target tissue. 
Needles are (generally) inserted parallel to each other with 1 cm 
distance in between to ensure no overlapping fields. If the treat-
ment field is close to a major blood vessel (i.e. carotid artery), a 
safety distance of 1 cm between the needle and the vessel is imple-
mented to avoid causing damage to the vessel wall in case it con-
tained tumour. A four-channel 652 nm diode laser is used for 
illumination. Bare polished tip laser light delivery fibres with a core 
diameter of 400 mm are introduced through the spinal needles 
into the suspect. The fibres are allowed to protrude by 2–3 mm 
from the needle tip into tissue to ensure maximal tissue illumina-
tion. Light is then delivered from the fibres at 20 J/cm2 per site 
(200 s/treatment). Each bare tip fibre delivers an output power of 
about 0.5 W (Fig. 4) [1–12, 15, 18].

Histopathological specimens acquired from the previous stud-
ies in our centre showed that illumination from one bare tip fibre 
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results in a 1 cm in diameter pathological tissue necrosis, when 
using mTHPC (meso-tetrahydroxyphenyl chlorin, Foscan). 
Hence, fibres are placed 1 cm away from each other to cover all the 
volume of the suspect area. Any residual pathological tissue in 
between the necrotic areas is also expected to die following oxygen 
deprivation. Overlapping treatment fields is clinically insignificant, 
as 200 s illumination of the area is adequate to activate the non-
thermal  photochemical process. Thick tumours are treated with 
1 cm pull back at each time to ensure illumination of the whole 
tumour volume. Diffuser fibres are used when treating vascular 
tumours, together with the bare polished tip fibres. The structure 
of the vascular tumours allows maximal tissue illumination when 
using those types of fibres (Fig. 5) [1–12, 15, 18].

Fig. 4 Ultrasound-guided interstitial photodynamic therapy. Note needle insertion, optical fibres feeding into 
the needle, and tissue illumination. The figure is adapted from authors’ own article: Jerjes W, Upile T, Vincent 
A, Abbas S, Shah P, Mosse CA, McCarthy E, El-Maaytah M, Topping W, Morley S, Hopper C. Management of 
deep-seated malformations with photodynamic therapy: a new guiding imaging modality. Lasers Med Sci. 
2009 Sep;24(5):769–75
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Difficulties arise when the tumour metastasises via the lym-
phatic system. In this case it is not feasible to induce a therapeutic 
photochemical reaction in a whole area of the body (e.g. neck). 
Photochemical reaction can be induced in single or multiple lymph 
nodes under image guidance, but this is sometimes difficult to 
perform where there is a complex lymphatic chain as in the neck 
(Fig. 6). An iso-illumination treatment plan is carefully imple-
mented and supervised by a senior physicist to ensure adequate 

Fig. 5 Top left: clinical image showing the 5-month-old infant in surgical drapes prior to the minimally invasive 
procedure. The marked swelling of the left side of face and neck indicate the cystic hygroma. Bottom left: 
Intraoperative ultrasound image showing the cystic hygroma. Right side images: showing needle insertion 
under US-guidance, lymph fluid drainage and illumination of the cystic hygroma. The figure is adapted from 
authors’ own article: Hamdoon Z, Jerjes W, Upile T, Akram S, Hopper C. Cystic hygroma treated with ultrasound-
guided interstitial photodynamic therapy: case study. Photodiagnosis Photodyn Ther. 2010 Sep;7(3):179–82
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light delivery to all suspect areas with minimal overlapping between 
the fields of treatment using a grid system. No measurements are 
made with regard to the distribution of the light fluence rate, the 
optical properties, the drug concentration and the tissue oxygen-
ation for PDT, as these factors had already been quantified in pre-
vious studies carried out in our centre [1–12, 15, 18].

The position of the pulse oximeter is changed every 30 min to 
avoid any skin burn or nail damage that would result from photo-
chemical reaction by the red light (660 nm). Patients are dis-
charged from hospital care 5–7 days postoperatively. Post-PDT, 
patients experience a considerable amount of pain in the treated 
area. The pain usually peaks at 48–72 h from illumination. Special 
PDT pain protocols are followed. The standard regimen involves 
a fentanyl transdermal patch 72HR 12 mg/h with morphine sul-
phate (immediate release) as needed for breakthrough pain. Dose 
escalating the patient’s own pain medication or prescribing 
patient-controlled analgesics is implemented when indicated. 
Usually different specialist centres have different PDT pain con-
trol protocols depending on experience and the areas treated. 
Airway control is a priority, as compromise can occur as part of the 
local inflammatory reaction. Elective tracheostomy before inter-
stitial PDT is implemented when managing advanced tumours in 

Fig. 6 Ultrasound image showing three level II metastatic cervical lymph nodes 
(red arrows). Note needle insertion in the node on the right hand side prior to PDT 
treatment (yellow arrow). The figure is adapted from authors’ own article: Jerjes 
W, Upile T, Hamdoon Z, Nhembe F, Bhandari R, Mackay S, Shah P, Mosse CA, 
Brookes JA, Morley S, Hopper C. Ultrasound-guided photodynamic therapy for 
deep-seated pathologies: prospective study. Lasers Surg Med. 2009 Nov;41(9): 
612–21

Photodynamic Therapy for Advanced Malignancies and Palliation



410

the oropharyngeal/laryngeal region (Fig. 7). For example, a tra-
cheostomy tube is inserted intra-operatively and kept for 3–5 days 
postoperatively; intravenous steroids are also given for 3 days to 
reduce local inflammatory responses [1–12, 15, 18].

A common finding is that adjacent macroscopically normal 
appearing tissue can become photosensitised and undergo necrosis 
or apoptosis, causing ulceration of the mucosa or skin. The best 
way of reducing these effects is by shielding macroscopically nor-
mal adjacent tissues. Healing usually occurs with little or no scar-
ring and the procedure can be repeated with only a small amount 
of cumulative toxicity. There is sparing of tissue architecture, pro-
viding a matrix for regeneration of normal tissue [1–12, 15, 18].

Fig. 7 Significant facial swelling after surface illumination PDT; day 2 (top), day 4 
(middle) and day 6 (bottom). The figure is adapted from authors’ own article: 12. 
Jerjes W, Upile T, Abbas S, Vincent A, Hopper C. The developing role of photody-
namic therapy in multidisciplinary oncological care. Oncol News 2008;3(3): 
12–15
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Photosensitivity represents a problem as the skin continues to 
be sensitive to light for up to 8 weeks; sometimes for 13 weeks 
with some photosensitisers. Gradual light re-exposure at an incre-
mental rate of 100 lux/day is implemented. Every patient is 
instructed on the need to avoid direct sun exposure for up to 2 
weeks after injection and is given light exposure guidelines. 
Sometimes patients fail to achieve a gradual re-exposure to sun-
light and as a result they develop skin burn, first or second degree, 
when they are exposed for the first time to direct sunlight after 
3–4 weeks of treatment (Fig. 8). Also, the skin over the injection 
site (especially the arm area) is more sensitive to light, and skin 
burn has been reported to occur up to 10 weeks after the photo-
sensitisation in this area [1–12, 15, 18].

Six weeks postoperatively, re-staging magnetic resonance 
imaging or computed tomography views, where appropriate, are 
acquired to assess outcome (Fig. 9). Patients are asked to report on 
the outcome of their therapy if there is any improvement, no 
change or worsening of symptoms by completing a special ques-
tionnaire developed for patients receiving PDT of the head and 
neck (modified from the University of Washington Quality of Life 
Questionnaire for head and neck cancer patients). A postoperative 
clinical assessment is reported by the treating clinician at the first 
post-PDT review (at 4–6 weeks). A postoperative radiological 
assessment is reported by the same interventional radiologist [1–
12, 15, 18].

Many studies have shown that head and neck cancer responds 
favourably to PDT (Fig. 10). Advanced/recurrent tumours can 
also be treated with salvage/palliative therapy, with the aim of 

Fig. 8 Accidental sun exposure 2 weeks after photodynamic therapy led to skin 
burn of the dorsal hand associated with ulceration and peeling of the skin. The 
figure is adapted from authors’ own article: Jerjes W, Upile T, Akram S, Hopper 
C. The surgical palliation of advanced head and neck cancer using photodynamic 
therapy. Clin Oncol (R Coll Radiol). 2010 Nov;22(9):785–91
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reducing the tumour bulk to improve function and also to reduce 
bleeding and to control pain (Fig. 11). The only curative treat-
ment option remains surgery, but this is frequently not feasible. 
Photodynamic therapy can achieve significant palliation in a mini-
mally invasive fashion. Photodynamic therapy can now be very 
accurately directed by radiological imaging to document and 

Fig. 9 Top left (Nov 07): pre-PDT noncontrast enhancing axial MRI showing 
extensive chondrosarcoma of the hyoid bone causing narrowing of the airway. 
Top right (Mar 08): 2 months post-first round of PDT contrast enhancing MRI 
showing extensive necrosis, tissue changes and peritumour inflammation. 
Bottom left (Aug 08): 7 months post-first round of PDT contrast enhancing MRI 
showing central necrotic area and architectural changes. The scan was acquired 
following an infection episode which was associated with pus discharge from 
the previously treated area. Bottom right (Aug 09): 8 months post-second round 
of PDT contrast enhancing MRI showing tumour shrinkage, tissue regeneration 
and improvement in airway. Residual tumour can be seen in the subcutaneous 
tissue but nowhere near the hyoid. The images are the best exact match that 
could be achieved. The figure is adapted from authors’ own article: Nhembe F, 
Jerjes W, Upile T, Hamdoon Z, Hopper C. Chondrosarcoma of the hyoid treated 
with interstitial photodynamic therapy: case study. Photodiagnosis Photodyn 
Ther. 2009 Sep–Dec;6(3–4):235–7
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Fig. 10 Pre- and post-PDT MRI of tongue base adenoid cystic carcinoma. The 
patient showed radiological significant response. The figure is adapted from 
authors’ own article: Jerjes W, Upile T, Hamdoon Z, Abbas S, Akram S, Mosse CA, 
Morley S, Hopper C. Photodynamic therapy: The minimally invasive surgical 
intervention for advanced and/or recurrent tongue base carcinoma. Lasers Surg 
Med. 2011 Apr;43(4):283–92

Fig. 11 Pre-PDT CT showing a soft tissue mass occupying the sinonasal area with retrobulbar extension 
causing proptosis and visual symptoms. Post-PDT MRI showing tumour shrinkage and death and reduction of 
retrobulbar tumour mass leading to improvement in visual symptoms. The figure is adapted from authors’ own 
article: Hamdoon Z, Jerjes W, Upile T, Akram S, Hopper C. Metastatic renal cell carcinoma to the orofacial 
region: A novel method to alleviate symptoms and control disease progression. Photodiagnosis Photodyn Ther. 
2010 Dec;7(4):246–50
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optimise laser-guided photo- activation of the chemo-sensitiser. 
Rapid local tumour control often results, enabling the patient to 
benefit from both a higher quality and length of life [1–12, 15, 18].
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    Chapter 25   

 Photodynamic Therapy of Malignancies 
of the Nasopharynx, the Nasal Cavity, 
and the Paranasal Sinuses                     

     M.     Barış     Karakullukcu       

       PDT of the Nasopharyngeal Carcinoma 

 Nasopharyngeal carcinoma ( NPC)   is endemic in certain parts of 
South East Asia and to a lesser degree in the Mediterranean basin 
[ 1 ]. Treatment for primary NPC is  radiotherapy (RT)       with   or 
without chemotherapy depending on the stage. NPC, especially if 
Epstein–Barr Virus (EBV) related is very responsive to RT [ 2 – 8 ]. 
However, there is still 20–30 % risk of local recurrence [ 2 – 8 ]. 
Usual treatment options for early  stage   recurrent or persistent 
NPC are brachytherapy, external re-radiation therapy, stereotactic 
radiosurgery, and salvage nasopharyngectomy [ 8 – 22 ]. Despite 
promising responses, re-RT causes a high incidence of major late 
complications, such as brain necrosis, cranial nerve palsies, and 
catastrophic hemorrhages [ 8 – 19 ]. The newer RT strategies such 
as stereotactic radiation and IMRT have decreased complication 
rate. However, the indication for re-RT is limited by the cumula-
tive dose and the interval between the  initial   RT and the recur-
rence. In persistent disease, since the time elapsed after primary 
RT is minimal, there is no role for re-RT. Photodynamic therapy 
(PDT) can be a useful treatment tool in treating locally persis-
tent/recurrent NPC. 

 PDT has been studied in the past to treat locally recurrent/
persistent NPC [ 23 – 27 ]. Sun et al. [ 23 ]  reported   hematoporphy-
rin derivative (HpD) mediated PDT of 137 patients with recurrent 
or residual NPC. He reported complete response in 55 % of the 
patients. Other centers reported smaller series of HpD mediated 



416

PDT of NPC with similar results [ 24 – 26 ]. Our group performed a 
feasibility study in Indonesia with temoporfi n (mTHPC) mediated 
PDT of recurrent and persistent NPC [ 27 ].  Temoporfi n   has a longer 
activation wavelength than HpD and therefore a deeper treatment 
effect. Twenty-two patients were treated in three different combi-
nations of photosensitizer dose and drug light intervals. The com-
bination of temoporfi n 0.15 mg/kg and 96 h of drug light interval 
provided better overall survival than other regimens tested. Ten of 
22 patients treated in this trial were alive at the time of publication, 
with a mean follow-up of 58 months. Recently, Succo et al. 
published promising results with temoporfi n mediated PDT of 
recurrent/persistent NPC [ 28 ]. 

   A thorough evaluation of the patient is essential. NPC is a tumor 
that metastasizes readily and not only to neck nodes but also to 
retropharyngeal lymph nodes. Since PDT is a local treatment 
regional and distant metastasis should be ruled out by using imag-
ing techniques such as  positron emission tomography (PET)   and 
 ultrasound (US)   combined with  fi ne needle aspiration cytology 
(FNAC)  . The local spread of the disease can best be appreciated by 
magnetic resonance imaging (MRI). The depth of infi ltration of 
the tumor is very important to determine the PDT method to be 
used. Computed tomography (CT) gives valuable information 
about bony structures of the skull base. CT is useful if intraopera-
tive navigation devices are to be used. 

 Once the recurrent/persistent tumor is adequately evaluated, 
treatment options should be considered at a multidisciplinary 
tumor board. Small tumors can be candidates for surgical removal, 
either with an open or endoscopic approach. Re-RT can be con-
sidered for recurrent tumors. The potential complications should 
be carefully evaluated by the radiotherapist. PDT is a viable 
option for local persistent/recurrent NPC. The depth of infi ltra-
tion should be carefully evaluated to determine if intracavitary 
light delivery is suffi cient or light sources should be implanted in 
the tissues. MRI, CT, and PET-CT are tools that can be used to 
evaluate the spread of the tumor. In some cases, PDT can be 
given to provide palliation. We have reported a case of recurrent 
T4N0M0 NPC with intracranial extension,    treated with PDT 
[ 29 ]. The patient had diplopia before the treatment which 
resolved after PDT. 

 Once the candidacy is established, the possible complications 
of PDT should be discussed with the patient. The most common 
adverse events are headache and otitis media [ 27 ]. Although not 
observed before potentially PDT of the nasopharynx can cause 
damage to prevertebral muscles. Tumors with intracranial exten-
sions were treated and no cerebrospinal fl uid leak or meningitis 
was observed [ 27 ]. 

 Multidiscipline 
Involvement and 
Informed Consent
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 Additionally, the patient should receive adequate counseling 
over light sensitivity. At our institute a dedicated nurse practitioner 
is responsible for counseling the patients. The period of photosen-
sitivity is dependent on the photosensitizer and can range from a 
few hours to 6 weeks.    Temoporfi n causes a photosensitivity of 2–3 
weeks. Patients should be provided with printed light avoidance 
guidelines and a light meter to measure ambient light in the living 
quarters. Every day, the patient can be exposed to more light 
according to the guidelines provided to the patient. 

  Treatment Technique   The extent of the tumor determines the 
treatment technique. Tumors that are thinner than 5–10 mm can 
be treated with  intracavitary   illumination (Fig.  1 ). This means that 
the light source can be placed in the nasopharynx and the whole 
nasopharynx cavity can be illuminated. Tumors extending deeper 
can  be   treated by implanting light sources in the tissues [interstitial 
PDT (iPDT)]. Many times a combination of two techniques is 
necessary.

    The PS Photodynamic therapy (PDT) NPC PS is administered 
at a certain time before the procedure, depending on the optimal 
drug light interval of the type of PS used. In case of temoporfi n 
this drug light interval is 4 days. 

 Our group has developed an applicator for PDT of the 
 nasopharynx. The applicator is based on a brachytherapy applicator 
and adapted to provide equal distribution of light in the nasophar-
ynx [ 30 ]. The applicator has a black silicone fl ange that protects 

  Fig. 1    The PDT of  the   nasopharynx is carried out by placing linear diffusers in the nasopharynx ( a ). The whole 
cavity is treated. The applicator can be seen on the  right  (b). The  black  silicone fl ange protects the soft palate. 
Two treatment channels can be used to introduce linear diffusers in the nasopharynx       
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the posterior surface of the soft palate (Fig.  1 ). This applicator can 
be placed under local anesthesia in the form of xylocaine spray. 
Two suction catheters are introduced nasally and recovered from 
the mouth. The applicator is attached to the catheters and gently 
pulled via the oral cavity into the nasopharynx. Two linear diffusers 
are introduced to the channels of the applicator. Black shielding 
tubes are introduced over the light diffusers to adapt the effective 
length of the diffusers and protect the nasal cavity from PDT. 
The light delivery is tolerated by the patients and takes two times 
200 s. We prefer to give a fl uence of 20 J/cm diffuser length at a 
fl uence rate of 100 mW/cm. The applicator can be removed after 
light delivery. 

 NPC has the tendency to grow deep along the Eustachian 
tubes. Linear diffusers can be introduced to Eustachian tubes under 
endoscope guidance and light can be delivered (Fig.  2 ). Any other 
deep extension of the tumor can be accessed by using clear silicone 
sharp-pointed brachytherapy catheters. Intraoperative navigation 
devices are very useful in determining the placement of these cath-
eters. Linear diffusers or bulb fi bers can be introduced into the 
brachytherapy catheters to perform iPDT. iPDT should preferably 
be performed under general anesthesia, as it involves endoscopic 
manipulation of the nasopharynx.

    Postprocedure Course   Patients can be discharged the same day 
after PDT. Light precautions should strictly be followed by the 
patients.    The postprocedure period is marked by headache radiat-

  Fig. 2     Linear diffusers   can be introduced in the Eustachian tubes, which is a common way nasopharynx cancer 
spreads. On the  left  the approach route can be seen ( a ). On the  right  is the endoscopic view of the nasopharynx 
during the light delivery to the  left  Eustachian tube ( b )       
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ing to the neck in about half of the patients. Systemic corticoste-
roids and opioids are used to control the pain and edema. Patients 
are called by the dedicated nurse practitioner weekly. On week 3 
the patient comes to outpatient clinic for debridement.    

   Photodynamic Therapy of Nasal Cavity and Paranasal Sinuses 

 The term “cancer of the nasal cavity ( NC)         and the  paranasal 
sinuses (PNS)     ” or sinonasal cancers includes a variety of tumors 
with very different biological characteristics and variable progno-
sis.    While squamous cell carcinoma can progress rapidly, adenoid 
cystic carcinoma can stay indolent for years. These tumors are 
quiet rare [ 31 ] and therefore are frequently pooled together when 
reporting treatment results. Depending on the histopathology of 
the tumor, combinations of surgery, radiotherapy (RT), and che-
motherapy are the established treatment modalities. The mainstay 
treatment is radical surgery combined with radiation therapy [ 32 –
 37 ]. However, radical surgery and high dose radiotherapy are 
challenging because of the proximity of important structures, 
such as the skull base, orbits, and internal carotid arteries [ 36 ]. 
Despite the advancement in diagnostic techniques and treatment 
modalities, the tumor will recur in 50–60 % of patients with locally 
advanced disease and long-term survival rates are disappointing 
[ 32 ,  33 ,  35 ,  37 ]. When these tumors recur, curative options are 
limited. Salvage surgery is the conventional treatment, but not 
always possible because of the risk of severe postoperative dysfunc-
tion and a high risk of leaving residual tumor behind [ 38 ]. 
Chemotherapy can be an option as a palliation [ 39 ]. Re-RT in the 
form of brachytherapy, intensity modulated radiation therapy 
(IMRT), cyber-knife radiation, and proton beam radiotherapy are 
reported with some success but also with serious adverse events 
such as osteonecrosis, cataract, visual acuity impairment, brain 
edema, and brain abscess [ 38 ,  40 – 47 ]. 

 The main limitation of salvage  surgery   of the sinonasal tumors 
is achieving adequate surgical margins. The combination of pho-
todynamic therapy (PDT) and surgery can provide additional 
treatment margins where surgery cannot be performed [ 48 ]. 

   At our institution, our multidisciplinary board considers combination 
of maximal surgery and adjuvant photodynamic therapy as a treat-
ment option in cases  of   recurrent sinonasal tumors. The fi rst option 
is always  radical salvage surgery  . If radical surgery is not possible, 
re-RT is considered. Very frequently re-RT is not possible because 
of cumulative toxicity to important structures in the vicinity. 
For such recurrent tumors we try to use maximal resection, with 

 Multidiscipline 
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preservation of important structures and PDT. Even if in the 
presence of limited distant metastasis the combination treatment 
can be considered to control local disease and prevent progression 
of the tumor to adjacent structures. 

 There is no published data on the application of PDT at this 
location. In our experience temoporfi n (mTHPC) mediated PDT 
can be safely used even for tumors extending intracranially (data 
submitted for publication).    However, due to the absence of exten-
sive experience, PDT of the sinonasal tumors should be considered 
as experimental and the patients have to be informed about possible 
catastrophic adverse events such as cerebrospinal fl uid (CSF) leak, 
meningitis, and bleeding. Our unpublished data of 12 patients dem-
onstrate long-term local disease control in about half of the patients. 
The concept has to be tested more to report over clinical success. 

  Treatment Technique   The workup in our institute includes a 
magnetic resonance imaging (MRI) and a computed tomography 
(CT) of the NC and PNS and positron emission tomography 
(PET-CT) to rule out distant metastasis. MRI gives very clear 
images of extension of the tumor and helps us determine the treat-
ment strategy. The treatment strategy involves maximal removal of 
the tumor. Maximal removal can mean removing all macroscopic 
tumors, but it can also mean removing the tumor where possible 
and leaving thin tumor tissue behind where resection is technically 
not possible or there is danger of damaging an important structure. 
From other treatment sites, we know that the treatment depth of 
temoporfi n mediated PDT is 8–10 mm [ 49 ]. Therefore, it is 
strongly desirable not to leave tumor tissue thicker than 8–10 mm. 
The surgical resection should facilitate PDT by removing the struc-
tures that might  impair   light distribution. We have found it useful 
to open all sinuses, remove the turbinates, possibly the nasal sep-
tum, and create large cavities. Depending on the location of the 
tumor the resection can be carried out endoscopically or by open 
procedures such as transoral maxillectomy.  

 It is logistically better to stage the treatment into surgical resec-
tion and PDT 2–3 weeks later. There are several reasons for this 
suggestion. If the  photosensitizer (PS)      is administered before the 
operation, the patient would be light sensitive during the operation. 
The lights of the endoscope or operation room lights would acti-
vate the PS causing uncontrolled PDT effect. The second reason is: 
hemoglobin absorbs light very close to the wavelength that is used 
to activate the PS. If there is bleeding during PDT, the blood will 
act as a fi lter against treatment light and limit activation of the PS in 
the targeted tissues. The 2–3 week interval allows adequate hemo-
stasis and with rigorous nasal showers the crusts in the nasal cavity 
can be removed. 

 The  PS is   administered a certain time before the procedure, 
depending on the optimal drug light interval of the type of PS used. 
In case of temoporfi n this drug light interval is 4 days. 
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 The preferred light delivery method depends on the targeted 
area. If the sphenoid sinus or back wall of the maxillary sinuses are 
targeted a microlens diffuser emitting a circular spot of light can be 
used. The spot can be observed if the light of the endoscope  is   
turned off (Fig.  3 ). The microlens diffuser provides a relatively 
uniform distribution of treatment light.

   If direct approach is not possible like the anterior portions of 
the ethmoid cavity or frontal sinuses linear diffusers emitting light 
along a length of the fi ber can be used. Figure  4     demonstrates the 
use of a linear diffuser combined with a saline fi lled spacer to treat 

  Fig. 3    PDT of the back wall of the sinonasal cavity can be carried out using  a   microlens diffuser. On the  left  the 
approach route to the back wall of the sinonasal cavity is represented ( a ). On the  right  the spot of treatment 
light can be observed through the endoscope ( b )       

  Fig. 4    The whole length of the anterior skull base can be illuminated by introducing spacers fi lled  with   saline 
and linear diffusers. On the  left  is a schematic representation of the approach route ( a ). On the  right  is the 
endoscopic view of such a treatment  (b)        
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the  anterior   skull base. The spacer provides that the diffuser is fi xed 
in space and not against the tissues. Figure  5  demonstrates PDT of 
right frontal sinus. Frontal sinuses can be approached endoscopi-
cally or externally through a fenestration approach. If a fenestration 
approach is preferred the spacer can be fi xed during the operation, 
which would facilitate the PDT stage of the treatment.

    Although PDT of the  sinonasal tumors   can be carried out 
under topical anesthesia, general anesthesia is usually necessary. 
We prefer to apply 20 J/cm 2 , at a fl uence rate of 100 mW/cm 2 . 
Naturally, the presence of scattering from bony structures and, 
therefore, buildup of light and optical properties of the target 
tissues cause variability in the delivered light dose. 

  Postprocedure Course   Even though PDT was applied to  the 
  skull base and in some cases to tumors extending intracranial, none 
of the patients treated developed cerebrospinal fl uid (CSF) leakage 
or short-term meningitis. There were no cases of major bleeding 
even though the internal carotid artery was exposed in the  sphenoid 
  sinus in two patients. The most common adverse event is temporary 
diplopia due to edema of the orbital medial rectus muscle. The 
diplopia can be managed by administering systemic corticoste-
roids. PDT causes necrosis of the treated tissues which might 
require debridement.  

 All patients experienced facial edema and pain of different 
degrees until 4–6 weeks after PDT, which was controllable by 
corticosteroids and opioids. Nasal crusting can be managed with 
frequent nasal rinsing and cleaning at the offi ce. The patients will 
experience an unpleasant odor due to the necrosis.      

  Fig. 5    The frontal sinus can be approached endoscopically or by open approach. Once the natural ostium is 
enlarged linear diffusers can be introduced in to the frontal sinus ( a ). The illumination of the sinus can be 
observed through the skin and frontal bone ( b )       
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   Part IV 

   Optical Diagnostics: Introduction 

        Waseem     Jerjes           and   Colin     Hopper          

  Abstract  

  Optical diagnosis of abnormal processes in tissue is a new branch of science that expects to grow and 
develop over the next few years. The non-invasive nature of this technology accompanied with its ability 
to provide instant cost-effective diagnosis of disease will form the basis of clinical diagnosis in dentistry, 
medicine and surgery in the future. Current evidence from ongoing lab-based and clinical studies support 
the notion that many cellular and subcellular changes occurring in tissue can be detected using this tech-
nology. The introduction of this technology in every day clinical practice is being achieved but at a slow 
rate due to many technical factors. Ultimately, the aim of this technology is to be the gold standard of 
disease diagnosis, which until now is being achieved by histopathology.  

  Key words     Optical diagnosis  ,   Optical diagnostics  ,   Optical biopsy  ,   Tissue disease  ,   Dysplasia  ,   Cancer  , 
  Tumour  ,   Diagnosis  

           Early detection of head and neck pre-malignant and malignant 
lesions can, in theory, lead to early intervention and overall reduc-
tion in mortality and improvement of quality of life. The “gold 
standard” intervention is surgery and the outcome, usually, 
depends on achieving clear surgical margins. Failure to do so leads 
to residual disease and increases the risk of recurrence and the need 
for adjuvant therapies. The identifi cation of the pathological pro-
cesses in the suspect lesion (at the time of diagnosis or monitoring) 
or in the surgical margin (at the time of surgery) requires accurate 
assessment of the microscopic changes and avoid any errors that 
can result from non-representative biopsy or pathologies with simi-
lar clinical characteristics [ 1 – 6 ]. 

 The use of optical technology in clinical medicine has advanced 
our understanding of many physiological and pathophysiological 
processes occurring at cellular and subcellular levels. The term 
“optical biopsy” has been widely used over the past two decades to 
describe the use of optical technology in assessing tissue state, by 
acquiring a specifi c optical signature of the examined area. The 
majority of optical processes are still being assessed in clinical trials 
and have not been introduced as “independent” tools in clinical 
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practice. All acquired optical signatures generated from these tools 
are, currently, compared to the tissue histopathology which con-
tinues to be the “gold standard” [ 1 – 6 ]. 

 Standard diagnosis of tissue disease is achieved by visual inspec-
tion and a surgical biopsy, when required. It is impractical to biopsy 
everyone and the clinical guidelines for taking a biopsy continue to 
change based on our experience and clinical governance issues. Many 
adjuvant diagnostic tools (i.e. brush biopsy, vital staining, molecular 
markers, cytology and chemiluminescence) have been developed to 
aid the clinician in the decision-making process, but unfortunately 
many have suffered from variable degrees of  accuracy due to many 
clinician-related and patient-related factors. Despite that, researchers 
continue to examine many non-invasive real-time diagnostic tools 
with the aim to identify the ultimate diagnostic utility [ 1 – 6 ]. 

 It is postulated that an ideal diagnostic tool in the head and 
neck should provide real-time diagnosis and be handheld or 
mounted on endoscopes, easy to use especially in outpatients set-
ting, cost-effective, operator independent and can provide photo- 
documentation of the examined area. The tool should have already 
been validated against the gold standard with high sensitivity and 
specifi city and be of minimally invasive nature. Other functions for 
a diagnostic tool include: monitoring lesions at risk of malignant 
transformation, monitoring of haemoglobin tissue perfusion in 
free fl aps and therapeutic drug levels during chemo- and photody-
namic therapy, guiding consent and sampling, guiding treatment 
and guiding other treatment modalities (i.e. photodynamic ther-
apy) the assessment of surgical margins and have a benefi cial use in 
sentinel node biopsy [ 1 – 6 ]. 

 The development of optical diagnostics is a current necessity. 
Optical biopsies can be acquired through different modalities; each 
has its own mechanism of action and requires different modes of 
data analysis. Their use will help reduce tissue trauma, reduce the 
workload on pathology departments and reduce the time the anx-
ious patient has to wait for a diagnosis. With histopathology, the 
processing of biopsy material and the interpretation of the results 
inevitably lead to diagnostic delay and the added possibility of tak-
ing an unrepresentative sample. With optical biopsy, a light of a 
specifi c wavelength is fi red into tissue, and the refl ected light is 
measured in such a way that a specifi c optical signature can be gen-
erated (i.e. cellular and subcellular changes in elastic scattering 
spectroscopy, molecular vibration in Raman spectroscopy, surface 
morphology by microendoscopy, biochemical changes from tissue 
fl uorescence or the use of interferometric (superimposing or inter-
fering waves) tomographic technology in the case of optical coher-
ence tomography) [ 1 – 6 ]. 

 The anatomy of the head and neck is unique and complex. As 
the oral cavity and the aero-digestive tracts are easily accessible to 
examination (direct or endoscopic visualisation), it is feasible that 
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disease process can be assessed by using optical diagnostic tools. 
This will enable diagnosis at an early stage and can potentially 
improve prognosis and quality of life. The outlook will improve 
even further if optical tools were available for surveillance and early 
detection of malignant transformation and recurrence, following 
an intervention. The ultimate aim is to be able to differentiate 
areas of similar clinical characteristics (i.e. dysplasia and carcinoma 
in situ), rather than just differentiating between normal and abnor-
mal tissues. Several pathological lesions can be interrogated using 
optical diagnostics including: hyperkeratosis, infl ammation, dys-
plasia, carcinoma in situ and neoplasia [ 1 – 6 ]. 

 The current lesional assessment/monitoring in outpatients are 
infl uenced by many factors, including: patient-related, clinician- 
related (i.e. documentation adequacy, grade, experience…etc.) and 
clinical environment-related (i.e. workload, funding…etc.). As 
such, a decision making of “regression” or “progression” of the 
lesion may not be straight forward and may not even refl ect the real 
case. Hence, the use of an “optical diagnostics” tool may help to 
eliminate all these variations and make the line between the two 
scenarios less blurry. If appropriately applied in clinical fi eld, these 
tools can increase the clinicians’ confi dence in decision-making and 
ensure faster processing of patients in the clinic, reducing waiting 
times and improving outcome. Furthermore, the optical signatures 
acquired from the outpatient setting can be saved in the patient’s 
records and be used as a guide in the subsequent reviews. These 
signatures can also be used to undertake selective biopsy procedure 
in non-homogenous lesions in order to achieve the most accurate 
diagnosis of the tissue state. This will allow an appropriate disease 
treatment which will potentially reduce the recurrent rate as well as 
the risk of residual disease. Theoretically, safe margins will be easier 
to achieve when using these optical tools, and this will reduce the 
need for any adjuvant therapy which will give an enhanced progno-
sis, associated with reduction in morbidity and mortality [ 1 – 6 ]. 

 The use of optical diagnostics can potentially improve our 
evidence- based dental and medical practice and its accurate image 
documentation allowing improved auditing and clinical gover-
nance leading to better choices for the clinician when assessing a 
suspect tissue, making a diagnosis and guiding therapy. Training 
and education will improve and evolve leading to less clinical errors 
and more appropriate confi dent decisions. The current pre-clinical 
and clinical studies in the optical technology fi eld are generating a 
library of normative and pathological signatures which will act as a 
standard reference. There is still much work to be done, but ulti-
mately it is anticipated that the clinician will be able to use these 
validated technologies in every day practice when dealing with any 
suspicious lesion in the head and neck area. 

 Optical diagnosis of the head and neck is a rapidly evolving 
area of clinical research that can be readily translated to improve 
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patient care and overall quality of life. The results from the imme-
diate ex vivo and the in vivo studies are very promising and suggest 
that it is possible for these tools to replace histopathology when it 
comes to certain pathologies in the near future [ 1 – 6 ].      
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Chapter 26

Fluorescence and Reflectance Spectroscopy for Detection 
of Oral Dysplasia and Cancer

Richard A. Schwarz, Rebecca R. Richards-Kortum, 
and Ann M. Gillenwater

 Introduction

Oral cancer is a serious health problem in many regions of the 
world. An estimated 263,000 new cases and 127,000 deaths due 
to oral cancer occur annually worldwide, including 24,000 new 
cases and 5500 deaths in the United States [1, 2]. The primary 
treatment method remains surgical resection, which may be fol-
lowed by postoperative radiation therapy [3, 4]. Despite significant 
advances in treatment methods for oral cancer, patient survival 
rates have not shown substantial improvement. Failure to improve 
patient outcomes is likely secondary to delays in diagnosis until 
disease is at advanced stages, when treatment is more difficult, 
more morbid, and less successful than interventions for early oral 
cancers [5, 6]. Delayed diagnosis of patients with oral cancer is due 
in part to the lack of effective screening tools, insufficient educa-
tion, difficulty in evaluating the risk of malignant transformation in 
oral potentially malignant lesions (OPMLs), and the high rate of 
recurrence following treatment [7–10].

The development and progression of neoplastic changes in 
the oral cavity lead to measurable changes in the optical properties 
of oral tissue. Malignant transformation results in alterations in 
metabolic activity and tissue architecture, that in turn cause 
changes in the natural autofluorescence of oral tissue derived from 
endogenous fluorophores in the epithelial and stromal layers [11, 
12]. Microvascularization and reduced oxygen saturation cause 
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changes in light absorption due to oxyhemoglobin and deoxyhe-
moglobin [13, 14]. Increased nuclear size, pleomorphism, and 
architectural changes alter the light scattering properties of tissue 
[15, 16].

These changes in optical properties during neoplastic progres-
sion can be detected using noninvasive optical techniques, poten-
tially aiding in early detection and diagnosis. Observations of 
autofluorescence from tumor tissue in animals were reported as 
early as the 1920s [17]. Building on the extensive use of fluores-
cence to characterize cellular metabolism in the 1950s and 1960s 
[18, 19], optical spectroscopy emerged as a potential tool for clini-
cal diagnostics in the 1980s [20, 21]. The rapid expansion of spec-
troscopic diagnostic methods at this time was facilitated by the 
availability of a wide variety of lasers for high-spectral intensity 
excitation and high-quality fiber optics for clinical probe 
development.

Various spectroscopic methods have been reported for the 
detection of dysplasia and cancer in the oral cavity and other organ 
sites, including fluorescence spectroscopy, elastic scattering spec-
troscopy, diffuse reflectance spectroscopy, Raman scattering spec-
troscopy, and time-resolved fluorescence spectroscopy, to name a 
few [22–24]. Each of these techniques involves the noninvasive 
interrogation of tissue using illumination light with selected 
 characteristics and detection of the wavelength-dependent (spec-
tral) characteristics of light emitted from the tissue to provide 
diagnostically relevant information. This chapter focuses on fluo-
rescence spectroscopy, in which narrowband illumination light is 
used to excite endogenous fluorophores, and reflectance spectros-
copy, in which broadband (white) illumination light is used to 
interrogate the elastic scattering properties and absorption prop-
erties of tissue.

 Endogenous Fluorophores, Absorbers, and Scatterers in the Oral Mucosa

Light energy (photons) incident upon tissue can be absorbed by 
molecules naturally present within the tissue, either within cells 
or in the extracellular matrix. Certain types of these molecules 
can subsequently undergo a radiative relaxation process in which 
a photon with lower energy (longer wavelength) is emitted. This 
process is termed fluorescence. Autofluorescence refers to fluo-
rescence from fluorophores naturally present in tissue. Sources of 
autofluorescence in oral tissue are shown in Table 1 [11]. These 
include the amino acids tryptophan, tyrosine, and phenylalanine; 
structural proteins including collagen, collagen crosslinks, 
and elastin; the coenzymes reduced nicotinamide adenine 
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Table 1 

Endogenous tissue fluorophores

Fluorophore Excitation maxima (nm) Emission maxima (nm)

NADH 290,340 440,450

FAD 450 515

Collagen crosslinks 325 400

Elastin crosslinks 325 400

Collagen powder 280,265,330,450 310,385,390,530

Elastin powder 350,410,450 420,500,520

Tryptophan 280 350

Tyrosine Not determined 300

Phenylalanine Not determined 280

Pyridoxine 332 400

Lipofuscin 340–395 430–460,540

Eosinophils 370,500 440,550

NADH nicotinamide adenine dinucleotide, FAD flavine adenine dinucleotide, nm nanometers

Adapted with permission from Richards-Kortum R, Sevick-Muraca E. Ann Rev Phys Chem. 1996;47:555–606

dinucleotide (NADH) and flavin adenine  dinucleotide (FAD); 
keratin; and porphyrins [25, 26]. The spatial distribution of these 
fluorophores is depth-dependent, with substantial differences 
between the epithelium and the supporting stroma [27]. 
Autofluorescence originating in the epithelium is primarily due to 
NADH, FAD, and a superficial keratin layer, which may be pres-
ent depending on the anatomic site. In the stroma, collagen 
fibers, collagen crosslinks, and elastin fibers produce a strong 
fluorescence signal (Fig. 1).

Not all molecules that absorb light subsequently emit fluores-
cence. Hemoglobin, for example, undergoes a fast nonradiative 
relaxation and therefore does not exhibit measurable fluorescence 
except by highly specialized techniques; yet it is an important 
absorber of light in tissue [28, 29]. Oxy and deoxyhemoglobin 
have characteristic absorption spectra that may be readily observed 
in spectroscopic measurements of tissue using broadband illumi-
nation. The presence and relative concentration of oxy and 
deoxyhemoglobin may be detected through spectroscopic 
measurements.

Fluorescence and Reflectance Spectroscopy for Detection…
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Tissue is a turbid medium in which light propagation is strongly 
affected by scattering as well as absorption. Photons that scatter 
elastically from cell nuclei, mitochondria, and other organelles 
undergo changes in propagation direction. Multiple scattering 
events may occur before a photon is absorbed or re-emitted from 
the tissue. Light scattering is sensitive to the size, shape, and distri-
bution of the scatterers and is therefore affected by changes in 
nuclear/cytoplasm ratio and pleomorphism in cell nuclei.

With neoplastic progression the epithelium may display 
increased metabolic activity, increased nuclear size, increased 
nuclear/cytoplasm ratio, and pleomorphism, while the stroma may 
display enhanced microvascularization, influx of inflammatory 
cells, and breakdown of collagen crosslinks. Reduced blue-green 
stromal autofluorescence intensity and increased nuclear size and 
crowding within the epithelium are typically observed at dysplastic 
and cancerous sites. Thus spectroscopic measurements of tissue 
autofluorescence, absorption, and scattering may be used to char-
acterize the disease state of tissue.

Fig. 1 Fluorescence confocal images of fresh oral tissue slices at 488 nm excitation, with corresponding 
hematoxylin and eosin (H&E) stained pathology sections. (a) Normal oral tissue without inflammation. (b) Oral 
tissue with mild dysplasia and mild/moderate inflammation, with the location of the basement membrane 
indicated by a white line in the confocal image. Note that the confocal images show intense stromal autofluo-
rescence in (a) and reduced stromal autofluorescence in (b). Scale bars: 200 μm in the confocal images; 125 
μm in the H&E images. Black arrow: lymphocytic infiltration. Adapted with permission from Pavlova I, Williams 
M, El-Naggar A, Richards-Kortum R, Gillenwater A. Clin Cancer Res. 2008;14(8):2396–2404

Richard A. Schwarz et al.



435

 Instrumentation

The development of spectroscopic instrumentation for the detec-
tion of oral neoplasia over the past three decades has been driven 
primarily by technological advances in light sources, probes, 
spectrometers, and detectors; and secondarily by the demands of 
the clinical environment as these research devices have seen increas-
ing clinical use. Figure 2a shows an early system used by Alfano 
et al. to perform laser-induced fluorescence spectroscopy of nor-
mal and cancerous animal tissue ex vivo [20]. The system included 
an argon laser source, a double grating spectrometer, photomulti-
plier tubes, and an x–y recorder. Advances in laser sources, fiber 
optics, and detectors soon led to the development of complex 
instruments capable of measuring a wide range of spectroscopic 
parameters in patients in vivo. Figure 2b shows a clinical spectros-
copy system reported by Tunnell et al., capable of both laser-
induced fluorescence spectroscopy at a range of excitation 
wavelengths (enabled by the tunable excimer-pumped dye laser) and 

Fig. 2 Examples of spectroscopic instrumentation. (a) An early system used for laser-induced fluorescence 
spectroscopy of normal and cancerous animal tissue ex vivo. (b) A clinical system capable of laser-induced 
fluorescence spectroscopy at a range of excitation wavelengths, as well as reflectance spectroscopy. (c) A 
clinical system for differential path length reflectance spectroscopy. (a) Adapted with permission from Alfano 
RR, Tata DB, Cordero J, et al. IEEE J Quant Electron. 1984;QE- 20(12):1507–1511. (b) Adapted with permission 
from Tunnell JW, Desjardins AE, Galindo L, et al. “Instrumentation for multi-modal spectroscopic diagnosis of 
epithelial dysplasia,” Technol Cancer Res Treat. (http://www.tcrt.org), Adenine Press, 2003;2(6):505–514. (c) 
Adapted with permission from Amelink A, Kaspers OP, Sterenborg HJCM, et al. Oral Oncol. 2008;44:65–71

Fluorescence and Reflectance Spectroscopy for Detection…
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reflectance spectroscopy (enabled by the Xenon flashlamp) [30]. 
The system uses an intensified charge-coupled device (CCD) 
camera as the detector and features automated instrumentation 
control and data acquisition.

While complex systems of this type have allowed researchers to 
explore the spectroscopic properties of oral tissue in detail, the 
recent trend has been towards smaller, portable devices that are 
easy to use in the clinic and require minimal user adjustment dur-
ing daily operation. These devices are often designed to measure 
only a few selected spectra whose diagnostic value has been previ-
ously established. This trend has been accelerated by the availabil-
ity of inexpensive, high spectral brightness light-emitting diodes 
(LEDs), which are frequently used in place of laser sources or arc 
lamp/flashlamp sources and by the availability of high-perfor-
mance miniature spectrometers and detectors. Figure 2c shows a 
clinical system reported by Amelink et al. for differential path 
length reflectance spectroscopy that exemplifies the trend towards 
simple, miniaturized devices that measure only selected spectra of 
interest [31].

A key component of most clinical spectroscopic instruments is 
the fiber optic probe, which transmits the excitation light to the tis-
sue and returns the collected light to the detection system. A mul-
titude of probe designs and configurations have been reported in 
the literature as reviewed by Utzinger [32]. The geometric arrange-
ment of excitation and collection fibers can be used to maximize 
the desired spectral signal or interrogate the tissue in a specific man-
ner (Fig. 3). Angled or side-looking probes are common [33]. 
Different depths in tissue may be interrogated through the use of 
different source–detector fiber separations, designs that incorpo-
rate miniature lenses, or differential path length configurations 
[31, 34–36]. The fiber optic probe is typically (though not always) 
designed to be placed in contact with the tissue at the measure-
ment site. This implies that there should be some method for guid-
ing the selection of sites to be measured with the spectroscopic 
probe. This may be either the clinician’s judgment or some type of 
macroscopic imaging or scanning technique that can rapidly iden-
tify high-risk regions within the oral cavity [37].

Fig. 3 (continued) reflection (θcrit = critical angle); (g) illumination and collection using the same fiber; (h) illu-
mination and collection using adjacent fibers; (i–j) illumination and collection using adjacent fibers, with bev-
eled fibers to improve collection efficiency; (k) hexagonal fiber configuration for submersion; (l) hexagonal 
fiber configuration for measurement of surfaces; (m) single excitation fiber and multiple collection fibers at 
different source–detector separations to sample different depths within tissue. Adapted with permission from 
Utzinger U and Richards-Kortum RR, J Biomed Opt. 2003;8(1):121–147
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Fig. 3 Examples of fiber optic probe configurations. (a) The output of an optical fiber is described by the half 
angle α or the numerical aperture; (b–c) oblique polishing of the fiber tip deflects the output beam; (d–f) part 
or all of the output beam may be directed sideways through the use of reflective coatings or total internal
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 Analysis Methods

Analysis of clinical spectroscopic data from oral tissue has gener-
ally focused on two areas: (1) determination of biological proper-
ties of tissue, such as concentration and distribution of specific 
fluorophores and absorbers, based on the measured spectra; and 
(2) determination of the disease state of the tissue based on the 
measured spectra and/or biological properties calculated from the 
measured spectra. Diagnostic performance is evaluated by com-
paring spectroscopic results to a gold standard, such as histopa-
thology, from the measured site.

Mathematical models of light propagation in tissue are typi-
cally used as the starting point for data analysis. These models are 
beyond the scope of this chapter and are only mentioned briefly 
here; extensive information is available in the literature [38–41]. 
The models describe tissue in terms of wavelength-dependent 
optical properties including absorption, scattering, anisotropy, 
reduced scattering, and refractive index [42]. These definitions 
typically require simplifying assumptions in which parameter values 
are assigned uniformly to certain regions or layers of tissue.

The most general approach to modeling light propagation in 
tissue involves the radiative transport equation (RTE), which 
describes the propagation of electromagnetic radiation through a 
medium in which absorption, scattering, and emission occur [43]. 
The RTE can be solved numerically or can be simplified by further 
approximations to obtain closed form solutions. The diffusion 
approximation, in which absorption is assumed to be minimal 
compared to scattering, is frequently used; but its applicability is 
limited, especially at short source–detector separations [44]. 
Higher-order solutions to the RTE such as the P3 approximation 
may also be used [39]. An alternative approach is the use of Monte 
Carlo models, which simulate the propagation of large numbers 
(millions) of photons through computer-based virtual models of 
tissue, with the trajectory of each photon governed by probabili-
ties for absorption, scattering, and emission events based on the 
local properties of the modeled tissue [45–47]. The Monte Carlo 
model output consists of the aggregate results from these millions 
of tracked photons.

Whatever particular modeling approach is selected, the model 
parameters are optimized and adjusted based on comparison of the 
model output to experimentally measured spectra. Once sufficient 
agreement is established between the model and measured data, 
further experimental measurements may be used to calculate tissue 
properties and biological parameters. Spectral features, calculated 
tissue properties, and/or calculated biological parameters are then 
used to predict the disease state of the tissue. Mathematical tech-
niques such as principal component analysis may be used to reduce 
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the dimensionality of the data. Diagnostic prediction algorithms 
may involve classification techniques such as linear discriminant 
analysis, logistic regression, cluster analysis, neural networks, deci-
sion trees, and other methods [48–50].

 Clinical Studies

Studies by Alfano et al. in animal tissue and nonoral human tissues 
established the potential for spectroscopic diagnosis of dysplasia 
and cancer [20, 21]. Kolli et al. performed early spectroscopic 
studies of oral lesions in vivo, measuring 31 patients with primary 
intraepithelial neoplasia or invasive squamous cell carcinoma of 
the oral cavity and pharynx using a Xenon flashlamp-based spec-
troscopy system [51]. Using a portable spectrofluorimeter with a 
nitrogen- pumped dye laser source, Dhingra et al. observed 
reduced autofluorescence intensity in neoplastic lesions compared 
to normal tissue in broad emission peaks centered at 450 nm (at 
370 nm excitation) and 490 nm (at 410 nm excitation) [52]. In a 
study of 49 patients, Betz et al. similarly reported reduced auto-
fluorescence emission intensity from neoplastic oral mucosa com-
pared to normal tissue in the 500- nm wavelength region [53]. 
Interestingly, these measurements were performed in a noncon-
tact configuration using an endoscope with a Xenon arc lamp, a 
CCD camera, and a spectrometer.

As successive clinical studies showed alterations in autofluo-
rescence emission in diseased tissue relative to healthy tissue (typ-
ically reduced blue–green autofluorescence intensity, and 
sometimes increased red autofluorescence associated with por-
phyrins), researchers began to systematically explore the optimal 
excitation and emission wavelengths for detecting these disease-
related spectroscopic changes. Heintzelman et al. identified opti-
mal excitation wavelengths for detection of oral neoplasia as 350, 
380, and 400 nm, paired with an emission wavelength of 472 nm 
[54]. They reported 90 % sensitivity and 88 % specificity in a 
training set of 20 subjects, and 100 % sensitivity and 98 % speci-
ficity in a validation set of 56 subjects, for distinguishing normal 
oral tissue from dysplasia and cancer. Figure 4 shows fluorescence 
excitation-emission matrices (EEMs) from cancerous and normal 
tissue measured in this study, collected using a Xenon arc lamp-
based spectroscopy system. Van Staveren et al. reported the use of 
artificial neural network classification methods to distinguish 
abnormal from normal oral tissue with 86 % sensitivity and 100 % 
specificity in a study of 23 subjects, based on 420 nm excitation 
and 465–650 nm emission [48].

Autofluorescence spectra measured from tissue may be 
substantially affected by absorption of excitation and/or emission 
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light by oxy and deoxyhemoglobin present in the blood within 
intact tissue. Modeling and analysis of these effects are further 
complicated by the fact that blood is located within the vessels of 
varying diameter, rather than uniformly distributed throughout 
the tissue [55]. Müller et al. demonstrated the use of information 
from reflectance spectra to correct for the effects of hemoglobin 
absorption on fluorescence spectra, resulting in “intrinsic” fluo-
rescence spectra [56] (Fig. 5). In the same study, the authors 
extracted biological parameters from the measured spectra (con-
tributions to the intrinsic fluorescence spectra from NADH and 
collagen) and used them to classify tissue in binary decision plots 
[56] (Fig. 6). De Veld et al. also implemented a mathematical 
method for correcting autofluorescence spectra for the effects of 
blood absorption based on diffuse reflectance measurements 
[57]. In a study of 155 patients and 70 healthy volunteers, they 
reported excellent discrimination of cancer from healthy tissue 
[area under receiver operator characteristic curve (AUC) = 0.98] 
and successful discrimination of lesions from healthy mucosa 
(AUC = 0.90). However, they found that discrimination of benign 
lesions from dysplastic and malignant lesions was less successful 
(AUC = 0.77) [57].

In recent clinical studies, researchers have explored new mea-
surement configurations, implemented probe designs that target 
the epithelial layer where early precancerous changes occur, exam-
ined the effects of different oral sites on spectral measurements, 
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and investigated the challenge of distinguishing benign lesions 
such as inflammation from dysplastic and cancerous lesions. 
Nieman et al. reported a study of 27 patients using oblique polar-
ized reflectance spectroscopy [58]. Schwarz et al. measured 60 
patients and 64 healthy volunteers using Xenon arc lamp-based 
spectroscopy system with a ball lens coupled fiber optic probe, 
which permits depth- sensitive targeting of epithelial or stromal 
regions [59] (Fig. 7). In this study, normal/benign lesions and 
mild dysplasia were distinguished from moderate/severe dysplasia 
and cancer with an AUC of 0.96 in the training set and 0.93 in the 
validation set. McGee et al. reported anatomy-based algorithms for 
spectroscopic diagnosis based on the properties of different ana-
tomic sites within the oral cavity [60]. Amelink et al. developed a 
configuration for differential path length spectroscopy and used it 
to distinguish dysplastic from nondysplastic leukoplakias with an 
AUC of 0.87 in a study of 18 patients [31, 61].

 Multimodal Diagnostics

In addition to point-probe spectroscopy, other noninvasive optical 
modalities for in vivo detection of oral dysplasia and cancer 
include macroscopic autofluorescence imaging and high-resolution 
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imaging [62, 63]. These methods operate on different spatial scales 
from spectroscopy and are sensitive to different tissue parameters. 
Macroscopic autofluorescence imaging is sensitive to loss of 
 autofluorescence in the stroma; spectroscopy is sensitive to meta-
bolic changes, architectural changes, and angiogenesis; and high- 
resolution imaging is sensitive to nuclear morphology in the 
 superficial epithelium. The combination of fluorescence and reflec-
tance spectroscopy with optical imaging modalities offers certain 
advantages. Macroscopic autofluorescence imaging can be used to 
quickly identify high-risk regions within the oral cavity and guide 
the placement of the spectroscopic probe. Data from autofluores-
cence imaging, spectroscopy, and/or high-resolution imaging may 
be combined to provide a more complete analysis of the tissue and 
improved diagnostic specificity. Two-step diagnostic algorithms 
may be constructed based on different modalities, with the thresh-
old in the first step set for high sensitivity and the threshold in the 
second step set for high specificity.

There are several commercially available macroscopic autofluo-
rescence imaging devices that may be used in combination with 
spectroscopy. One such device is the VELscope® (LED Dental 
Ltd., Atlanta, Georgia), which is a handheld instrument that allows 
direct visualization of tissue fluorescence [64, 65]. An independent 
study suggests that it has a high sensitivity for detecting oral muco-
sal disorders, but a low specificity for dysplasia [66]. The VELscope 
may be used to guide placement of the spectroscopic probe, thus 
taking advantage of the VELscope’s sensitivity while potentially 
improving diagnostic specificity.

An early example of the multimodal combination of imaging 
and spectroscopy is the work of Onizawa et al., who combined 
fluorescence film photography with measurements of autofluores-
cence using a chroma meter [67]. A second example is the previ-
ously mentioned study by Betz et al., in which a beamsplitter was 
used to direct a small portion of the light from the center of the 
endoscopic fluorescence image to an optical multichannel analyzer 
for spectral analysis [53]. More recently, Bedard et al. reported a 
pilot clinical study using a hyperspectral imaging device called a 
snapshot spectral imaging spectrometer [68]. This device collects 
image data with a complete spectrum associated with each pixel in 
the image (Fig. 8).

 Discussion

A large and growing body of research indicates that fluorescence 
and reflectance spectroscopy can be useful tools to aid clinicians in 
detecting oral dysplasia and cancer. Optical spectroscopy has cer-
tain advantages. It is a straightforward method to implement in a 
clinical setting and clinical devices can be made small and portable. 
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A variety of spectroscopic techniques, illumination and collection 
wavelengths, and probe designs can be tailored for specific applica-
tions. Spectral measurements provide quantitative data that can be 
rapidly analyzed at the point of care to provide information about 
tissue composition, tissue structure, and disease status. Spectral 
data from point probe measurements can readily be analyzed in an 
objective, quantitative manner without some of the concerns 
involved in quantitative image analysis, such as how to select appro-
priate regions of interest within an image. It is relatively easy to 
create a set of physical reference standards that can be measured 
frequently to monitor system performance over time during clini-
cal studies [69].

Spectroscopy does, however, have a number of important lim-
itations for in vivo screening and diagnosis, as summarized in a 
useful review by de Veld et al. [70]. In order to relate the mea-
sured spectra to biological characteristics of tissue it is necessary to 
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account for the complex interplay of autofluorescence, scattering, 
absorption, and tissue architecture. The mathematical models 
used for the analysis often require significant simplifying assump-
tions or prior knowledge regarding local tissue composition and 
structure [71]. Variations are often observed in spectra measured 
from healthy tissue in different patients or from different oral 
sites. Point-probe spectroscopy only provides information about 
the sites selected for measurement; it can therefore be subject to 
sampling error and it cannot easily be used to screen large regions 
of the oral mucosa. The method used to guide probe placement, 
whether clinical judgment or some other technique, must be con-
sidered carefully. Accurate spatial correlation of measured sites 
with biopsy specimens or locations on surgical specimens is essen-
tial and may be more challenging than it first appears. While evi-
dence in the literature shows that spectroscopy can accurately 
distinguish healthy tissue from dysplasia and cancer, the presence 
of benign lesions can complicate diagnostic classification. Finally, 
spectral data may not have the direct visual appeal of image-based 
techniques that display macroscopic or microscopic views of 
tissue.

The development of commercial spectroscopic devices for 
diagnosis of oral neoplasia has lagged behind the development of 
commercial imaging devices such as the VELscope. Even so, the 
potential for clinical use of spectroscopy remains high. It is most 
likely to be clinically implemented in combination with macroscopic 
imaging methods to guide probe placement, or in multimodal 
devices such as the snapshot spectral imaging spectrometer [68]. 
If spectroscopy can consistently help reduce the false positive rate 
associated with autofluorescence imaging, it will be a valuable 
diagnostic tool. Rapid, noninvasive optical techniques including 
spectroscopy are particularly well suited for use in low-resource 
settings, where laboratory facilities and expertise for conventional 
diagnosis may not be available [72].

In the future, the role of clinical spectroscopy and imaging 
may be transformed as molecular specific contrast agents for the 
identification of dysplasia and cancer become available for in vivo 
clinical use. The combination of molecular specific labeling with 
high spectral- and spatial-resolution optical methods could open 
up new opportunities for screening and diagnosis of dysplasia and 
cancer, as well as assessment of surgical margins. In our own 
research with resected tissue specimens labeled ex vivo using 
molecular specific contrast agents, we have found spectroscopy to 
be a useful tool to determine the penetration and localization of 
the contrast agent within the tissue. With the rapid growth in 
molecular imaging and the increasing availability of molecular 
probes for targeting specific biomarkers, spectroscopic measure-
ment techniques for interrogating these probes will continue to be 
of interest.
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    Chapter 27   

 Elastic Scattering Spectroscopy for Thyroid Disease                     

     Jennifer     E.     Rosen       and     Nicholas     J.     Giordano      

    Abbreviations 

   μm    Micrometers   
  ATC    Anaplastic thyroid cancer   
  BMC    Boston Medical Center   
  BUSM    Boston University School of Medicine   
  ESS    Elastic light-scattering spectroscopy   
  DTC    Differentiated thyroid cancer   
  FNA    Fine needle aspiration   
  FNAB    Fine needle aspiration biopsy   
  FTC    Follicular thyroid cancer   
  IRB    Institutional Review Board   
  MTC    Medullary thyroid cancer   
  NIH    National Institutes of Health   
  nm    Nanometers   
  NPV    Negative predictive value   
  PCA    Principal component analysis   
  PPV    Positive predictive value   
  PTC    Papillary thyroid cancer   
  SVM    Support vector mechanisms   
  T3    Triiodothyronine   
  T4    Thyroxine   
  TSH    Thyroid stimulating hormone   

       Introduction 

   The thyroid gland is  anatomically   located in the neck, just below 
the laryngeal prominence, or what’s more commonly referred to as 
the “Adam’s apple.” The thyroid is a bilobed, butterfl y-shaped 
organ that is connected by an isthmus that wraps around the  larynx. 
The cells of the thyroid gland are arranged in round follicles, 
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 surrounding a central core of colloid material and are themselves 
surrounded by perifollicular c-cells which secrete calcitonin. 

 The thyroid has a wide range of functions in the human body 
and is one of the largest endocrine glands. Thyroid function is 
critical because thyroid hormone regulates metabolic rates, protein 
synthesis, and organ function. The main products of the follicular 
cells of the thyroid gland are two hormones: triiodothyronine (T 3 ) 
and thyroxine (T 4 ). These hormones principally affect the regula-
tion of metabolism within the body. 

 The production of T 3  and T 4  is regulated by another hormone 
in the body, thyroid stimulating hormone (TSH) released by the 
pituitary gland. There is a negative-feedback loop between the 
amounts of TSH and T 4  production to regulate normal body 
functions.   

   Thyroid Disorders 

 There are three main thyroid disorders.

    1)    Hyperthyroidism—an overactive thyroid   
   2)    Hypothyroidism—an underactive thyroid   
   3)    Thyroid Nodule—a thyroid neoplasm     

  Hyperthyroidism is   primarily caused from an overproduction 
of the main thyroid hormones, T 3  and T 4 . There is a lack of the 
negative feedback mechanism which would normally inhibit the 
production of thyroid hormones. Hypothyroidism usually occurs 
when not enough T 3  or T 4  is naturally produced by the body. All 
three of these thyroid disorders may present with an enlarged thy-
roid gland, also referred to as a goiter. Our discussion here will 
primarily focus on thyroid nodules and the use of spectroscopy, in 
particular elastic scattering spectroscopy, for diagnosis and 
treatment.  

   Thyroid Nodules 

  Thyroid nodules are   common. At 60 years of age, approximately 
50 % of the population has at least one thyroid nodule [ 1 ,  2 ]. The 
clinical spectrum of a presenting thyroid nodule can range from a 
small, singular incidental nodule or a large, symptomatic, 
 pressure-inducing mass that can take up the near entirety of a 
 thyroid lobe. Thyroid nodules can be single or multiple. It is 
important to evaluate the function of the thyroid gland in patients 
with thyroid nodules, best done by drawing a serum TSH level, to 
determine if the patient is euthyroid, hyperthyroid, or hypothyroid 
as this alters the differential diagnosis and subsequent 
management.  
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   Thyroid Cancer 

 Approximately, 5 % of thyroid nodules  are   found to be malignant [ 3 ]. 
There are four main histologic types of thyroid cancer. (1) Papillary 
thyroid cancer, (2) follicular thyroid cancer, (3) medullary thyroid 
cancer, and (4) anaplastic thyroid cancer. 

  Papillary thyroid cancer (PTC)       is   by far the most common of 
all thyroid cancers, occurring in approximately 80 % of the cases [ 4 , 
 5 ]. Females are three times as likely to be diagnosed with PTC and 
it is usually not an aggressive cancer.  Diagnosis   of this particular 
form of cancer typically occurs between the ages of 30 and 50 years 
of age. Nearly 22 % of patients with PTC are found to have evi-
dence of metastatic spread to the surrounding lymph nodes at the 
time of diagnosis [ 6 – 10 ]. 

  Follicular thyroid cancer (FTC)      makes  up   approximately 15 % 
of all thyroid cancers and also arises from the follicular cells of the 
thyroid gland [ 11 ,  12 ]. Similar to PTC, females are three times 
more likely to be diagnosed with this particular cancer. This par-
ticular type of cancer can be more aggressive, especially in older 
patients. FTC is typically diagnosed in individuals from 40 to 60 
years of age. FTC more commonly spreads  hematogenously 
  (through the bloodstream) to areas such as bone, brain, or lung. 

 Papillary and follicular thyroid cancers arise from the follicular 
cells themselves which make up the thyroid gland. They are usually 
grouped as “differentiated thyroid cancer” or DTC. 

  Medullary thyroid cancer (MTC)         occurs in approximately 
10 % of all thyroid cancers [ 13 ]. This form of thyroid cancer is 
found to have an incidence equal in the female and male popula-
tion and is found to have a 50 % 5-year survival rate for stage IV 
cancer. MTC is often diagnosed in patients between 40 and 50 
years of age. Medullary thyroid cancer arises from the perifollicular 
“c” cells and can often be found in patients with the RET gene 
mutation, in patients with familial thyroid cancer, or in the setting 
of an abnormal calcitonin level. 

  Anaplastic thyroid cancer (ATC)      is rare, occurring in less than 
5 % of thyroid nodules [ 14 ,  15 ]. It is found to have  a   higher occur-
rence in females and is the most invasive and aggressive form of 
thyroid cancer. The 5-year survival rate with ATC is approximately 
7 % and is typically diagnosed in patients of the age of 65. The cells 
of origin are not clearly identifi ed, but most likely are dedifferenti-
ated follicular cells. 

 Thyroid cancer is the most common form of endocrine  malignancy 
in the United States. An estimated 60,000 new cases of thyroid 
cancer will be diagnosed in 2013 [ 4 ,  5 ]. Incidence rates of thyroid 
cancer have been growing by 7 % each year [ 16 – 18 ]. These grow-
ing rates of thyroid cancer may be in part due to  advancements in 
imaging techniques such as neck ultrasonography [ 19 ,  20 ], but a 
concomitant increase in thyroid neoplasms of all sizes has occurred 
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[ 16 ]. Despite an increase in incidence, there is a stable mortality 
rate from thyroid cancer [ 4 ,  16 ]. 

   Patients found to have a thyroid nodule, either by palpation or by 
radiologic studies, should undergo evaluation by a trained physi-
cian [ 2 ,  21 ]. A complete history and physical exam including the 
thyroid gland and adjacent cervical lymph nodes should be per-
formed, as this will alter the diagnosis and treatment of the patient. 
Serum TSH should be measured in the initial evaluation. Patients 
should undergo ultrasound evaluation of their thyroid gland [ 19 , 
 20 ]. Patients when appropriate should undergo ultrasound-guided 
fi ne needle aspiration biopsy of their suspicious thyroid nodule. 
This allows for the removal of cells/tissue that then undergoes 
evaluation  by   cytopathology. A FNA is comprised of a nonsterile 
procedure in which a patient has a series of biopsy needles, usually 
23 gauge or greater, inserted through the skin into their thyroid 
gland and directed to the worrisome nodule with ultrasound guid-
ance. Each needle is used to collect cells from the thyroid, and 
those cells are then either smeared on a slide or placed in preserva-
tion fl uid and evaluated by pathology. Specimens are fi rst deter-
mined to be diagnostic or nondiagnostic based on the number of 
cells and clusters which are criteria for adequacy [ 22 ]. The benign 
category of cytology is by far the most common. 

 The diagnostic accuracy of a FNA not only depends on the 
clinical sensitivity of the test but also on the operator (i.e., the per-
son performing the FNAB). Patients with nondiagnostic aspirates 
may either undergo close observation and subsequent rebiopsy or 
may undergo surgery for the purpose of diagnosis. 

 In 2009, the National Institutes of Health Consensus 
Conference published their reference statement on the Bethesda 
System for Reporting Thyroid Cytopathology [ 22 – 24 ]. The pur-
pose of this was to allow for synoptic reporting and commonality 
of language across thyroid cytopathology. Until this time the lan-
guage used in reporting out cytology widely varied and practitio-
ners had to determine their individual institutions’ likelihood of 
malignancy in these categories. 

 Aspirates determined to be “adequate” or “diagnostic” then 
are reported as malignant, benign or “indeterminate.” About 5 % 
of thyroid FNAB cytology are read as “malignant.” Patients with 
malignant nodules are usually recommended to undergo surgery 
for treatment of their cancer. Patients with a “malignant” thyroid 
FNAB cytology are usually found to have papillary thyroid cancer. 
Determination of  follicular cancer or Hũrthle cell cancer   is made 
on the fi nal postoperative surgical pathology, as the capsular lining 
of the nodule needs to be entirely examined for any areas of spread 
to make this diagnosis. Cytology alone cannot determine follicular 
cancer or Hũrthle cell cancer for this reason. Patients with benign 
nodules may also undergo surgery for symptomatic reasons, if 

 Evaluating Thyroid 
Nodules to Determine 
Malignancy
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there are other worrisome nodules, or if the nodule is large in size 
and sampling error may be a concern. 

 The category of “indeterminate” was further broken down 
based on increasing risk of malignancy: in order, this is atypia of 
uncertain signifi cance, follicular lesion of uncertain signifi cance, 
follicular neoplasm/suspicious for follicular neoplasm, Hurthle cell 
neoplasm and suspicious for malignancy. It now may appear that 
the category “atypia of uncertain signifi cance” may have a higher 
rate of malignancy than previously recognized. Patients with “inde-
terminate” biopsies often undergo surgery for the purpose of diag-
nosis alone. FNA biopsy is, therefore a good screening test for 
cancer, but its predictive value is low in that the technique has a 
high rate of false positives (indeterminates) which leads to a high 
number of diagnostic operations. 

 Patients who are known to have the diagnosis of thyroid cancer 
before surgery usually undergo ultrasound evaluation of the cen-
tral and lateral neck and may undergo a central neck lymph node 
dissection at the time of their thyroidectomy [ 19 ,  20 ]. Patients 
who are not known to have a certain diagnosis, i.e., the patients 
with “indeterminate” biopsies undergoing surgery for diagnostic 
purposes, do not usually have central node dissections. Since about 
35 % of patients with “indeterminate” biopsies are found to actu-
ally have a malignancy when their thyroid gland is examined post-
operatively, they have in essence been undertreated and potentially 
understaged [ 25 ]. For the 65 % of patients  with   “indeterminate” 
biopsies who are found to have benign disease, they have had to 
take on the potential risks of the operation and may necessitate 
lifelong thyroid hormone replacement. Clearly, an adjunct to 
improve preoperative diagnosis is needed to reduce costs and 
improve quality of life. 

 A number of adjunctive modalities have been evaluated, 
including radiologic imaging, ultrasound elastography [ 26 ,  27 ], 
and a series of different types of molecular markers [ 25 ,  28 ,  29 ]. 
Although many of these are commercially available, none have 
100 % accuracy, often require a send-away test that may take weeks 
to return and delay treatment and are operator dependent. For 
that reason, we and others have turned to the use of spectral guid-
ance and diagnostic capabilities to improve on-site, point-of-care 
determination of malignancy of patients with thyroid nodules.   

   Elastic Scattering Spectroscopy 

 Elastic scattering spectroscopy (ESS) is an optical imaging technique 
which uses broadband light to take measurements [ 30 ]. The 
broadband light is from 300 to 800 nm wavelengths including 
regions of ultraviolet, visible, and infrared light. Broadband light is 
nonionizing with no known negative side effects [ 31 ,  32 ]. ESS has 
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been used to aid in diagnosis in other organs and tissues in the 
body including the esophagus [ 33 – 35 ], oral cavity lesions [ 36 ], 
breast tissue [ 37 – 41 ], and colonic polyps [ 42 ,  43 ]. In all of these 
studies, ESS was found to distinguish benign from malignant spec-
tra with a high degree of accuracy. 

 ESS works by emitting photons to make a point measurement. 
A cartoon graphic below depicts the basic functions of ESS in a 
dual fi ber (source–detector) setup (Fig.  1 ).

   The photon carries with it information about its traveled 
path, and when compiled and displayed on a computer, this 
displays a spectrum. The spectrum is a visual representation of 
the matter that the photon traveled through. This spectrum 
represents that point measurements that ESS took and is 
directly affected by the size and density of the organelle with 
which the photon interacted. 

 ESS is capable of performing an “optical biopsy” because this 
optical method is sensitive to most of the features that pathologists 
look  for   under the microscope [ 44 ]. Cellular and subcellular com-
ponents like the nucleus, nucleolus, and mitochondria are repre-
sented and accounted for in the ESS optical spectrum. Through 
studying ESS in other organs and tissues it has been found that 
ESS is sensitive to both cellular and subcellular morphological 
features and therefore features associated with malignant transfor-
mation are detected by ESS [ 42 ]. 

 US-guided  FNAB   is a good screening tool for malignant nodules 
in the thyroid and has a high negative predictive value for malig-
nant thyroid tissue [ 45 ,  46 ]. However, US-guided thyroid FNAB 

  Fig. 1    A cartoon graphic demonstrating the scattering of light upon interaction 
with a tissue of interest       
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has a low specifi city and low positive predictive value [ 47 ]. With 
the established sensitivity of ESS and its ability to detect morpho-
logical changes in tissue beyond the spectra currently visible to 
pathologists, ESS may provide a unique optical solution to diag-
nosing thyroid cancer.  

   Background on Elastic Scattering Spectroscopy 

  Photonics   can be used to identify thyroid tissue based on several 
optical properties, most of which are wavelength dependent. These 
include absorption, anisotropy factor, elastic scattering, fl uores-
cence, inelastic scattering, phase function, and reduced scattering 
coeffi cient. 

 Refractive index elastic scattering spectroscopy (ESS) works 
through analyzing the interaction of electromagnetic radiation 
with miniaturized optical resonators found in the tissue of inter-
est. For biomedical applications, the targets of ESS are often cel-
lular or subcellular in size placing the interaction of light on the 
microscopic scale. The spectrum attained with ESS has four main 
variables based upon the tissue with which it interacts: (1) size, 
(2) shape, (3) optical properties, and (4) wavelength of incident 
light. Combined, these four variables make up the majority of 
differentiation between spectra attained in biological tissue. The 
clinical utility of ESS is only starting to emerge as biomedicine is 
adopting and recognizing the clinical utility of this technology. 
Near-instant feedback and nonionizing radiation make this imag-
ing technique an attractive candidate in the rapidly changing 
fi eld of biomedicine. 

 ESS works off of differentiating tissues based on the scattering 
properties of different mediums, which is defi ned by the  scattering 
coeffi cient ( μ  s ). The   scattering coeffi cient defi nes the probability a 
photon has of being scattered per a unit length. When a tissue scat-
ters light, there are multiple possible paths through the tissue and, 
therefore, a variety of possible distances photons can travel on their 
path from the source to the detector. Distances traveled by pho-
tons will depend upon the tissue of interests’ scattering angle prob-
ability and how many scattering events occurred upon the path 
from the source to detector. This fi nding provides a method to 
obtain information about the tissue with which the light interacts.  

   Biological Applications of ESS 

 For ESS,  tissue   is treated as a turbid medium. Measurements of 
optical properties are done on a bulk scale within tissues. This is 
important because multiple particles, often of varying size will be 
measured together. One of the inherit properties of ESS is that it 
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can characterize particles beyond the diffraction limit of the optical 
system [ 48 – 50 ]. These types of scattering involve no loss or gain of 
energy by radiation, but may produce multiple scattering events by 
having a single scatterer interact with a scattering center. This event 
of multiple scattering is analogous to diffusion. 

 One of the fi rst investigations of the structure of living cells 
that used light scattering spectroscopy came from the work of 
Brunsting et al. in 1974 [ 51 ,  52 ]. The complex structure of a cell 
makes it a diffi cult object to identify with spectroscopy. Components 
of a cell range in size from a few nanometers to the size of the cell 
itself, approximately 100 μm. Each component within a cell may 
have a wide variety of refractive indices. To the contrary, some 
studies have indicated that several cell structures have similar indi-
ces of refraction and therefore can be viewed as a single object. 

 ESS is defi ned by Rayleigh and Mie scattering [ 53 ,  54 ]. 
 Rayleigh scattering   occurs when the particle measured is much 
smaller than the wavelength of the incident light. Therefore, 
Rayleigh scattering is strongly dependent on size. Mie scattering 
occurs over a broader spectrum of light and explains scattering 
events which occur with particles that have a diameter which is 
slightly smaller, equal to, or larger than the wavelength of the inci-
dent light. Approximations of Mie theory allow for solutions to 
particles of a variety of shapes. Mie theory is sensitive to particle 
size, but not shape. 

 Signals of light scattering spectroscopy (LSS) from  the   micro to 
the nanoscale structures of cells present unique structure- dependent 
patterns in wavelength. It has been proven that LSS is sensitive 
enough to detect slight changes in tissue architecture [ 55 ]. 

 Typically, with ESS several millimeters of a tissue is illuminated 
with broadband light, and the spectra obtained from the scattering 
particles represents information on the average-sized particles 
within the several millimeter fi eld of view. However, this applica-
tion of ESS is not always ideal, as in cancer diagnostics. Numerous 
investigators have developed optical techniques to link local micro-
structures with scattering features. Recently, an optical method for 
ESS has been developed to detect distinct and localized scattering 
features of a single particle [ 56 ]. 

 ESS has recently been studied for its ability to diagnose thyroid 
cancer. In 2011, we reported on our fi ndings from an ex vivo trial 
that ESS could discriminate benign from malignant thyroid nod-
ules with a high degree of accuracy [ 45 ]. We then developed a 
miniaturized version of the ESS tool to fi t through the center of a 
23-gauge needle. This would enable ESS readings to be collected 
at the same time as fi ne needle aspiration biopsy without changing 
clinician practice in a signifi cant fashion. The smaller optical geom-
etry of the probe made measurements more sensitive to Rayleigh 
scattering and allowed for the insertion of the device into a biopsy 
needle [ 46 ]. Done in conjunction with cytology, results of this 
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demonstrated that applications of ESS can very well be applied as 
an effi cient, nonionizing imaging technique to provide cancer 
diagnostics in real time. 

 The question remains as to the biological underpinnings of the 
ESS spectra. A small portion can be accounted for by hemoglobin 
absorption, as the thyroid gland is a highly vascular organ and thy-
roid cancer is a vascular entity. In most forms of thyroid cancer, the 
normal follicular morphology with a ring of cells around a center 
of refl ective colloid material is lost and the cells become more 
densely packed. The nuclei become irregular with nuclear inclu-
sions, grooves and psammoma bodies, all of which are likely to 
change the refl ective and absorptive capacity of the gland. The  ESS 
  appearance of different components including calcifi cations and 
cystic material also becomes clearly abnormal (Fig.  2 ).

   As the fi eld of translational biomedical photonics steadily 
advances over the next several years, ESS may be employed in clini-
cal settings to aid as a diagnostic tool for cancer. In vivo spectros-
copy appears to have the sensitivity to identify individual cell types, 
the ability to provide data in real time, and proven ability to dif-
ferentiate between benign and malignant thyroid tissue with a high 
degree of accuracy. With further validation, ESS shows promise of 

  Fig. 2     Spectral pattern   of ESS data collected during thyroid ultrasound-guided fi ne needle aspiration using 
integrated ESS-biopsy syringe demonstrates a distinctly different appearance of ( a ) normal, ( b ) cystic, ( c ) 
hemorrhagic cyst, and ( d ) microcalcifi cations       
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becoming an important tool  for   diagnosing thyroid cancer and 
aiding in the management of patients with thyroid nodules. 
Because of the use of preoperative needle-guided cytology, the 
potential exists to test and use additional forms of miniaturized 
spectroscopy as well.     
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    Chapter 28   

 Fluorescence Imaging (Auto and Enhanced)                     

     Christian     Stephan     Betz     ,     Anna     Englhard     ,     Veronika     Volgger     , 
and     Andreas     Leunig      

       Reasons for Optical Screening 

           The earlier a tumor of the upper aerodigestive tract (UADT) gets 
diagnosed and treated, the better the prognosis. Unfortunately, 
however, early lesions tend to remain silent for a long period, 
which often delays the fi rst presentation to a medical professional, 
   so about two-thirds of UADT cancers are fi rst detected at an 
advanced tumor stage. Extensive screening programs of patients at 
risk might be helpful to ameliorate the situation. However, even if 
those individuals with premalignant or early invasive lesions do see 
a medical doctor or other trained care worker, misdiagnosis is still 
possible due to the following reasons:

 ●    Being typical precancerous conditions, leuko- and erythropla-
kias are usually easily detectable by visual inspection, and it is 
generally understood that upon detection one or more repre-
sentative tissue biopsies are taken in order to establish a histo-
pathological diagnosis. If no dysplasia or early invasive growth 
is found, the lesion is either removed in a minimally invasive 
fashion or just followed up closely without any intervention. 
If a more severe pathology is confi rmed, the lesion is resected 
according to common guidelines with a safety margin of 
0.5 cm. As different pathologies can be present within the 
same lesions, however, mis-sampling can lead to an underesti-
mation of the severity of the condition and thus to a delay of 
adequate treatment.  
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 ●   Other mucosal cancers arise directly from macroscopically 
innocuous mucosa and might—at least in early stages—appear 
as an ulcer, erosion,  or   even only slightly roughened healthy 
mucosa and do not yet display typical morphologic features of 
malignant tumors. Therefore, they may easily be mistaken for 
some chronic infl ammatory condition or go by unnoticed 
altogether.    

 In order to improve the situation outlined above, high sensi-
tivity screening tools have lately attracted considerable scientifi c 
attention, and implementation of some of these methods (such as 
fl uorescence imaging) into clinical routine has recently been made 
possible by medically licensed and commercially available systems.  

   Basics of Fluorescence Imaging 

   Following adequate excitation,  certain   molecules within the tissue 
emit fl uorescence to the surface that can be picked up using spe-
cialized equipment. The characteristics of the most important tis-
sue “autofl uorophores” are listed in Table  1 .

   As depicted, visible violet-blue excitation leads to the emission 
of fl uorescence in the violet to green visible spectrum. Additionally, 
there are intermediate products of heme biosynthesis (porphyrins) 
that produce a bright red fl uorescence. For the sake of completeness 
it should be mentioned that the amino acid tryptophan is another 
autofl uorophore with excitation in the ultraviolet range, but has 
been omitted in the table and further text as it is not excited by 
commercially available fl uorescence imaging systems. 

 While the porphyrins display a very narrow range of excitation 
and emission properties, FAD and NADH as well as the fl uores-
cent structural proteins collagen, elastin, and keratin have relatively 
broad excitation and emission bands. Therefore, all of these mol-
ecules are excited by exposure to short-wave visible light, which is 
used in all of the commercially available autofl uorescence imaging 
(AFI) systems. 

 A simplifi ed schematic diagram of the complex principles that 
underlie the autofl uorescence diagnosis of malignant tumors  is   dis-
played in Fig.  1 . The green autofl uorescence is thereby regularly 
diminished in cancerous tissue if compared to regular mucosa.

   The main causes for this are thought to be threefold.

    1.    Most importantly, the  structural   proteins collagen and elastin 
as the main contributors to tissue autofl uorescence are local-
ized in the submucosal layer only, so the regular thickening of 
 the   epithelial layer in (pre)malignant mucosal lesions leads to a 
shielding of the discernable fl uorescence.   

  Auto-fl uorescence 
Imaging  

Christian Stephan Betz et al.



465

    Table 1  
  Excitation and emission peaks of the most  important   endogenous fl uorophores (adapted from 
Wagnieres [ 1 ] and Chang [ 2 ])   

 Fluorophore 
 Cytological 
occurrence 

 Histological 
occurrence  Presence 

 Excitation 
peaks (nm) 

 Emission 
peaks (nm) 

 NADH  Intracellular  All layers  Always  260 + 350  440 + 450 

 FAD  Intracellular  All layers  Always  450  515 

 Collagen  Extracellular  Submucosa  Always  330  390 

 Elastin  Extracellular  Submucosa  Always  350  420 

 Keratin  Intra/
extracellular 

 Upper 
mucosa 

 In the presence of 
hyperkeratinization 

 340  430 

 Porphyrins  Intracellular  Superfi cial  In the presence 
of bacterial colonization 

 405  635 

  Fig. 1    Schematic representation of AFI based on the excitation  of   endogenous fl uorophores in different tissue 
layers. Tumor tissue ( right  ) differs from normal tissue in the following respects: (1) It contains smaller amounts of 
 green-fl uorescent  fl uorophores. (2) The intensity of the fl uorescence is decreased by the thickened epithelial 
layer. (3) There is a variable amount of porphyrin-containing bacterial deposits that produce a  red fl uorescence        
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   2.    Furthermore, neoplastic tissue in the UADT has been shown 
to contain smaller concentrations of the intracellular, fl uoresc-
ing enzymes NADH and FAD than normal tissue. Additionally, 
tumor tissue seems to have greater mitochondrial activity at its 
disposal than normal tissue; this shifts the balance from fl uo-
rescing NADH and FAD to the nonfl uorescent compounds 
NAD and FADH.   

   3.    A third factor that might also attribute to a reduction of auto-
fl uorescence signals over neoplastic mucosal lesions to a certain 
extent is an increased absorption of the excitation light by 
hemoglobin.     

 In clinical autofl uorescence examinations, malignant lesions 
are therefore demarcated by a darker shade of green than their 
healthy surroundings. 

 The remaining two fl uorescent molecules, which are present 
under certain circumstances only, are a common source of error in 
the interpretation of imaging results (Table  1 ). Keratin as a struc-
tural protein in cases of mucosal hyperkeratinization emits a pale 
green to whitish fl uorescence when excited, but its occurrence is 
rather unspecifi c. Porphyrins show a bright red fl uorescence, but 
they are of questionable value in the diagnosis of upper aerodiges-
tive neoplasms as well. They are mainly produced by certain bacte-
rial strains that may inhabit the surface of ulcerating tumors, so its 
distribution is rather inconsistent and nonhomogeneous on muco-
sal neoplasms in the UADT. In addition, other nonspecifi c fl uores-
cent bacterial deposits, such as those occurring at gingival margins 
or on the surface of the tongue, frequently produce a confusing, 
false-positive red fl uorescence.  

    Enhanced fluorescence imaging (EFI)      implies that the contrast 
between healthy and (pre)cancerous mucosa in AFI is improved by 
 adding   exogenously applied, tumor-specific fluorophores. The 
most commonly employed agent is thereby  5-aminolevulinic acid 
(5-ALA)  , which is the natural precursor of fluorescent porphyrins 
and heme. Usually, the formation of 5- ALA   (and thus the biosyn-
thesis of heme) is regulated by a negative feedback mechanism, 
which is surpassed if it is given directly. After topical application 
(e.g., as a mouthwash for examinations of the oral cavity), it is 
preferentially taken up by (pre)malignant lesions and converted 
into strongly red fluorescent  Protoporphyrin IX (PPIX)  . This is 
most likely due to (1) an enhanced penetration of 5-ALA into neo-
plastic tissue due to an impaired superficial lipid barrier, (2) an 
augmented conversion of 5-ALA into PPIX in malignant cells due 
to increased enzyme activities and (3) a retention of PPIX in malig-
nant cells due to a reduced conversion into heme. 

 Enhanced 
Fluorescence Imaging
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 Figure  2     schematically illustrates EFI using exogenously 
applied 5-ALA-induced PPIX.    Cancerous tissue is thereby not 
demarcated by a darker shade of green, but by bright red. This 
 red- to- green contrast has been compared to a streetlight before 
(red: cancer, green: normal tissue).

       Implementation of Fluorescence Imaging 

 To date, there are six commercially available systems on the mar-
ket that can be used for clinical fl uorescence imaging in the head 
and neck fi eld: the D-Light C/AF System (KARL STORZ 
GmbH, Tuttlingen, Germany), the DAFE System (Richard Wolf, 
Knittlingen, Germany), the SAFE-3000 System (PENTAX 
Europe GmbH, Hamburg, Germany), the AFI-Lucera System 
(Olympus Deutschland GmbH, Hamburg, Germany), the 
VELScope Vx (Visually Enhanced Lesion Scope, LED Dental, 
White Rock, British Columbia, Canada), and the Identafi  System 
(StarDental, DentalEZ Group, Malvern, PA, USA). The fi rst four 

  Fig. 2    Schematic representation of EFI using 5-ALA-induced  PPIX  . In addition to the principles described and 
illustrated for AFI in Fig.  5 , which are also true for EFI, the right-sided cancerous tissue contains a much red-
fl uorescing PPIX than the left-sided healthy tissue       
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of those are endoscopic systems that are marketed for use in the 
UADT (especially the STORZ system) and the tracheobronchial 
tree (all four); the latter two are small, handheld devices that are 
advertised for oral examinations in dental offi ces. All six systems 
provide white light illumination and fl uorescence excitation in 
the blue/near-UV. 

 The  D-Light C/AF System   is the only one marketed for AFI 
as well as EFI—the remaining fi ve systems are designed for AFI 
only. Whereas the systems by STORZ, PENTAX, LED Dental, 
and StarDental perform a direct visualization of the detected fl uo-
rescence signals, the output of the Wolf system is a superimposed 
display of two separate detection ranges (500–590 nm and 600–
700 nm) in false colors, and the Olympus system combines two 
 refl ectance   images (at 550 nm and 610 nm) with the autofl uores-
cence information in a combined display. The main properties of 
the four systems are presented in Table  2 .

   Both AFI and EFI can be performed under general anesthesia 
(e.g., if an invasive tissue biopsy of the lower pharynx or larynx is 
anticipated) as well as in awake patients, and the systems can easily 
be switched from white light into fl uorescence mode and back. 

 For AFI, no special preparation is necessary, whereas EFI is 
performed after application and incubation of 5-ALA. For oral and 
oropharyngeal examinations, the substance is applied as a rinsing 
solution (200 mg 5-ALA dissolved in 50 ml of H 2 O) for 15 min. 
For laryngeal sites, an inhalation of 5-ALA (30 mg 5-ALA dis-
solved in 5 ml normal saline) is performed. Following application, 
an incubation period of 1–2 h is kept before the examination is 
performed in order to achieve the best possible results.  

   Interpretation of Fluorescence Imaging Results 

    Autofluorescence   findings of the UADT can be classified into three 
distinct groups:

 ●    Normal autofl uorescence: Regularly stratifi ed, nonkeratinized 
squamous epithelium with a normal submucosa shows a typical 
homogeneous, pale green fl uorescence (Fig.  3 ). As the 
 excitation light is absorbed by hemoglobin, superfi cial capillar-
ies show a greater contrast to the surroundings than in normal 
endoscopy (white light imaging = WLI).

 ●      Decreased autofl uorescence: (Pre)malignant mucosal lesions 
as well as other changes that are associated with a thickening of 
the mucosal layer are usually highlighted by a circumscribed 
area of diminished autofl uorescence (Fig.  4 ). Thereby,    tumor 
precursors cannot be distinguished from invasive cancers based 
on their autofl uorescent properties. Infl ammatory thickenings 
of the mucosa and other changes such as benign neoplasms, 

  Auto-fl uorescence 
Imaging  
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submucous hemorrhages, and fi brotic changes due to previous 
surgery may also result in a decreased  autofl uorescence   (Fig.  5 ). 
However, especially infl ammatory lesions usually cause less 
well-defi ned areas of decreased autofl uorescence than neoplas-
tic changes, so that a differentiation is feasible in the hands of 
an experienced investigator.

 ●       Increased autofl uorescence: In cases of pathological, superfi cial 
mucosal keratinization, the strong green to white fl uorescence 
of keratin becomes increasingly apparent, and is “masking” the 
fl uorescence from underneath (Fig.  6 ). Therefore, heavily 
keratinized lesions (which may range from hyperkeratinized 

  Fig. 4    Transoral view of  a   T2 squamous cell carcinoma of the  right  soft palate under  white light  on the  left  and 
in AFI on the  right        

  Fig. 3    Example for a fi nding with normal tissue autofl uorescence from a healthy fl oor of mouth on the  right  and 
corresponding  white light image  on the  left        
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normal epithelium all the way  to   invasive cancer in histopathology) 
cannot be further differentiated using AFI.

         After adequate    application and incubation of 5-ALA, normal tis-
sue usually remains green (i.e., showing normal autofl uorescence), 
whereas neoplastic tissue boasts a strong, red fl uorescence based 
on the accumulation of PPIX (Fig.  7 ). The red-to-green “street-
light” contrast is thereby easily visible. Similar to AFI, the exact 
type and severity  of   the pathology cannot be differentiated, and 
infl ammatory or other benign mucosal lesions tend to induce 
false- positive results. In addition, areas with a high grade of bacte-
rial colonization (e.g., gingival margins, dorsum of tongue, etc.) 
often show “false-positive” red fl uorescence, as does  pre-irradiated 
tissue.

 Enhanced 
Fluorescence Imaging

  Fig. 5    Example for a  “false-positive” reduction   in autofl uorescence intensities on the  right  side and corre-
sponding WLI on the  left  side in a patient with chronic laryngitis       

  Fig. 6    Hyperkeratotic, highly dysplastic lesion of the right vocal cord ( left : WLI,  right : AFI)       
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       Personal Experience 

     In our  own   experience using  the   STORZ D-Light C/AF System 
on 128  patients   with suspicious or cancerous lesions of the oral 
cavity or oropharynx, the additional use of AFI enabled us to 
clearly identify an additional ten (pre)malignant mucosal lesions. 
The (pre)malignant lesions could be well identifi ed in 89.5 % 
(WLI) vs. 84.2 % (AFI) and superfi cially delimited from normal 
tissue in 37.9 % (WLI) vs. 57.9 % (AFI). The histopathological 
correlation of tissue biopsies from suspicious areas ( n  = 236) yielded 
a sensitivity of 95.8 % (WLI) vs. 93.3 % (AFI). As no random tissue 
biopsies were taken, a reliable specifi city could not  be   determined, 
yet it felt fairly low. AFI was very easily performed in addition to 
WLI and did not signifi cantly alter the duration times  of   examina-
tion per patient.  

   In a publication    from our group on 68 patients with high suspicion 
for—or histologically proven—SCC of the oral cavity or orophar-
ynx and using the  STORZ D-Light C/AF System  , an additional 
eight (pre)malignant lesions were identifi ed only because EFI was 
used in conjunction with WLI [ 3 ]. The rate of lesions that were 
subjectively clearly identifi able was 89.7 % for both methods, 
whereas the rate of a good superfi cial demarcation of the lesions 
was 63.2 % for EFI and 35.3 % for WLI. The sensitivity for the 
histopathological correlation for  n  = 199 tissue biopsies from suspi-
cious areas was calculated as 99.2 % for WLI and 100 % for 
EFI. Again, reproducible numbers concerning the specifi city of the 
method could not be calculated for the same reasons as mentioned 
above. Whereas the examination itself was performed as easily as 
for AFI, the patient preparation (application of 5-ALA and incuba-
tion) was sometimes proved to be quite a challenge for both the 
patients and the personnel involved.   

 A: Oral 
and Oropharyngeal 
Lesions

 Autofl uorescence Imaging

 Enhanced Fluorescence 
Imaging

  Fig. 7    Example of  a   T1 squamous cell carcinoma of the  left fl oor  of mouth. In EFI following topical application 
of 5-ALA, the tumor contrasts sharply with its normal surroundings ( left : WLI;  right : EFI)       
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     Just as for oral/ oropharyngeal   examinations, the additional AFI 
was well tolerated and easily performed. AFI to WLI was com-
pared during direct and indirect laryngoscopy in 111 patients. 
With histopathologic diagnosis as standard, the diagnostic accura-
cies for indirect laryngoscopy were 78 % (WLI) and 90 % (AFI). 
The sensitivities for the detection of (pre)cancerous lesions were 
85 % (WLI) vs. 91 % (AFI) and the specifi cities amounted to 69 % 
(WLI) and 87 % (AFI). 

 For direct visualization during microlaryngoscopy, the diag-
nostic accuracy of WLI was 89 % and that of AFI was 95 %. With 
histopathology as control, direct WLI of the larynx achieved a sen-
sitivity of 92 % and a specifi city of 86 %. The sensitivity of direct 
AFI laryngoscopy was 97 % and specifi city 92 %. 

 In this study, a special focus  was   put onto the false results. 
Thereby, false-positive cases were mainly observed as secondary to 
scarring and chronic infl ammation, whereas false-negative results 
were mainly caused by a (pathological) mucosal hyperkeratosis.  

   A total of 56 patients    with suspicious, fl at epithelial lesions ( n  = 7 
epithelial hyperplasias,  n  = 15 mild epithelial dysplasias,  n  = 7 mod-
erate epithelial dysplasias,  n  = 10 severe epithelial dysplasia,  n  = 17 
invasive carcinomas) were prospectively investigated using EFI fol-
lowing topical application of 5-ALA via inhalation in a previously 
published study [ 4 ]. Using the combined information obtained 
from WLI and EFI, a correct diagnosis could be obtained in 84 %, 
and the sensitivity was 97 % with a corresponding specifi city of 
64 %. Again, the EFI examinations were easily performed, but 
patient preparation (especially in direct laryngoscopy cases) proved 
to be challenging and time-consuming.    

   Review of Literature and Critical Discussion 

   Even though the  advantages   of screening for precancerous lesions 
as well as early UADT cancer especially in high-risk populations 
seem beyond all question, it is not yet clear by which means this is 
best achieved. The only thoroughly investigated technique with a 
proven benefi t so far is regular oral screening by trained health 
workers [ 5 ]. More advanced methods such as toluidine blue stain-
ing, fl uorescence imaging, or Narrow Band Imaging (NBI) might 
add additional information if used in conjunction with conven-
tional white light examination. However, a recent Cochrane 
Review by Brocklehurst et al. from 2010 states that “no robust 
evidence was identifi ed to support the use of … adjunctive tech-
nologies like toluidine blue, brush biopsy or fl uorescence imaging 
within a primary care environment” [ 6 ]. The authors conclude 
that the data that are available on these methods so far need “to be 

 B: Laryngeal Lesions

 Autofl uorescence Imaging

 Enhanced Fluorescence 
Imaging

 General Points
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supplemented by further randomized controlled trials to provide 
the highest level of evidence for practice.” 

 Several recent reviews have  looked   at the different techniques 
(including AFI) that are currently tested and applied as an adjunct 
for UADT cancer diagnosis [ 7 – 9 ]. The common feeling is that—as 
RCTs concerning their effectiveness are still missing for all of 
them—all these methods seem promising in theory but that the 
“tantalizing implication that such technologies may improve detec-
tion of oral cancers and precancers beyond conventional oral 
examination alone has yet to be rigorously confi rmed” [ 8 ]. 
Nevertheless, fl uorescence imaging is generally felt to be a useful, 
easy to perform, and harmless diagnostic adjunct for UADT cancer 
screening.  

   When used in conjunction with  white   light inspection or endos-
copy and supposedly rather independent of the system used and 
the areas of the UADT inspected, both AFI and EFI have yielded 
high sensitivities in various publications concerning the identifi ca-
tion and delimitation of UADT lesions with values ranging between 
83 and 99 % [ 3 ,  4 ,  10 – 27 ]. At the same time, these methods seem 
to be generally lacking specifi city, so a further differentiation of 
areas that show alterations of normal mucosal autofl uorescence 
(AFI) or increased PPIX fl uorescence (EFI) does not seem possi-
ble. Not surprisingly, the outcome with regard to sensitivity and 
specifi city was considerably worse when the method was evaluated 
as a stand-alone procedure [ 28 – 30 ], so the general recommenda-
tion would be to use both regular white light endoscopy and fl uo-
rescence imaging in conjunction at all times. 

 When comparing EFI and AFI, a comparative study of both 
methods from our group using a fi rst-generation STORZ system 
found a slight advantage of EFI over AFI concerning identifi ca-
tion of both tumor and borders [ 3 ]. When changing over to a 
newer system generation afterward, however, both methods 
were subjectively performing equally, so for the sake of practical-
ity, we have mostly given up performing EFI altogether. In a 
recent meta- analysis including 16 studies and 1000 laryngeal 
lesions altogether, this trend toward a slight but statistically 
insignifi cant higher sensitivity of EFI over AFI (95 % vs. 91 %) in 
detecting (pre)cancerous lesions was confi rmed, yet at the 
expense of specifi city [ 29 ]. The authors recommend the general 
use of AFI, with EFI being reserved for the detection of recur-
rences following initial surgery. 

 Direct comparative studies concerning  the   clinical value of 
the different fl uorescence imaging devices in the UADT are miss-
ing, but the available data suggest a similar performance with 
regard to statistical outcomes (see above). Obviously, the endo-
scopic systems are more expensive than the handheld dental 
devices, but on the other hand, they have a greatly expanded 

 Review of Literature 
on Fluorescence 
Imaging
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range of view. As the STORZ system is the only endoscopic 
device which is specifi cally marketed for the UADT, the range of 
available endoscopes (fl exible and rigid) for this indication is 
much greater and better suited than for the other systems, mak-
ing examinations in this complex anatomical region more com-
fortable. So far, none of the fl uorescence imaging systems on the 
market is available with a high- defi nition resolution, but develop-
ments are under way at this moment.  

   Traditionally,    toluidine blue or acetowhite staining (or the combi-
nation of both) has been investigated and advertised for the iden-
tifi cation and demarcation of superfi cial (pre)cancerous mucosal 
lesions of the UADT. The method has not been directly compared 
to fl uorescence imaging, but if the published data on toluidine 
blue staining (reviewed by Gray et al. [ 31 ]) is taken into consider-
ation, it seems that fl uorescence imaging is slightly more sensitive 
to detect mucosal lesions especially in cases of dysplasia. 
Nevertheless, it would seem worthwhile to undertake a compara-
tive study in order to better answer this question. 

 Another method that has recently drawn considerable attention 
with regard to an improved early diagnosis of (pre)cancerous lesions 
of the UADT and other epithelium-lined hollow organs is Narrow 
Band Imaging (NBI). This proprietary Olympus technology 
enhances the visualization of the mucosal and submucosal vascula-
ture, which shows alterations in various pathological conditions. In 
combination with high-defi nition endoscopy, recent studies apply-
ing a classifi cation system adapted from gastroenterology by Lin 
et al. [ 32 ] have hinted that it may be a useful adjunctive method to 
white light endoscopy for the detection of (pre)malignant mucosal 
lesions with sensitivities of 85–96 % and specifi cities of 79–100 % in 
the reported studies [ 33 – 35 ]. The method suffers from restrictions 
similar to those found for fl uorescence imaging, namely its inability 
to provide useful information in the presence of hyperkeratinization 
and a fairly low specifi city. Yet, it has been described that NBI might 
be helpful for a further differentiation of superfi cial mucosal lesions, 
which (if proven in larger studies) would mean a major advantage 
over fl uorescence imaging. Triggered by publications from pulm-
onology and gastroenterology, which hint that “tri-modal imag-
ing” (high-resolution endoscopy, AFI, and NBI) might improve 
diagnostic accuracy over each single or twin imaging method, 
respectively, one group has endeavored on the combined use of all 
three techniques in  n  = 73 patients with head and neck lesions so far 
[ 36 ,  37 ]. They report on a comparable, high sensitivity for both 
AFI and NBI, whereas NBI showed a better specifi city than AFI. In 
addition, they state that “there may be additive and discriminatory 
benefi ts” when both imaging methods are used in conjunction. 
   Larger, confi rmatory studies are required to look at these results in 
more depth and detail.  

 Comparison 
of Fluorescence 
Imaging to Other Novel 
Screening Techniques
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   We share the opinion of others [ 38 ] that—in order to stay com-
petitive with other methods that are designed for an improvement 
of superfi cial mucosal lesions such as NBI—fl uorescence imaging 
needs to be incorporated into wide range, high-defi nition (or even 
4 K) endoscopic systems in the very near future. A combination of 
fl uorescence imaging with other complementary, noninvasive 
methods such as NBI [ 36 ,  37 ], point spectroscopy [ 39 ], strobos-
copy [ 40 ], red/green ratioing [ 41 ], optical coherence tomography 
[ 42 ], contact endoscopy [ 43 ], or confocal endomicroscopy [ 44 ] in 
order to increase the diagnostic performance seems promising in 
theory, but needs to be evaluated in larger trials concerning patient 
benefi t and economical feasibility.   

   Summary and Conclusion 

 In conclusion, fl uorescence imaging seems to be a helpful, sensi-
tive, yet rather unspecifi c adjunctive tool for the detection and 
superfi cial delimitation of (pre)malignant lesions of the 
UADT. Especially, AFI seems recommendable for routine clinical 
use, as it is easy to perform and well accepted by the patients, 
whereas EFI should be reserved for special cases. In comparison, 
fl uorescence imaging seems to perform similarly well as other 
adjunct methods for UADT cancer screening. Yet, more detailed 
statements concerning the true clinical value cannot be made at 
this point as direct comparative studies of different techniques and 
systems are mostly missing.     
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Chapter 29

Confocal Endomicroscopy and Optical Coherence 
Tomography for Differentiation Between Low-Grade 
and High-Grade Lesions of the Larynx

Tino Just, Ellen Guder, Gabriele Witt, Atilla Ovari, Benjamin von 
Stülpnagel, Eva Lankenau, Friedrich Prall, Gereon Hüttmann, 
and Hans Wilhelm Pau

Introduction

Early diagnoses of high-grade lesions and early laryngeal cancer are 
most challenging. These findings need to be reliably differentiated 
from benign and low-grade lesions. Suspicious lesions may com-
prise various entities varying from hyperplasia with or without 
atypia and inflammation, low-grade and high-grade dysplasia, and 
carcinoma in situ to invasive carcinoma, respectively. A clinical sur-
vey demonstrated that even experienced laryngeal surgeons are not 
able to reliably assign similar clinical characteristics to low-grade or 
high-grade lesions [1]. The agreement between the surgeon’s 
assessment and histopathology was fair. This misjudgment or lim-
ited precision of biopsy leads to the necessity for re-biopsy in cases 
of strong suspicion for early laryngeal cancer. To avoid unnecessary 
re-biopsies and to improve the precision of biopsy, imaging tech-
nologies may help to reliably identify cellular abnormalities or 
basement membrane violation. Over the last two decades, various 
imaging modalities were presented with a potential for in vivo 
diagnosis of laryngeal cancer. Among these, optical coherence 
tomography (OCT) [2, 3], narrow band imaging (NBI) [4], and 
confocal endomicroscopy (CEM) [5, 6] seem to be promising 
technologies.
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OCT provides optical cross sections of the larynx and displays 
the various layers (stratified squamous epithelium and superficial 
and intermediate layer of the lamina propria). While the basement 
membrane itself is not detectable with OCT, the border between 
epithelium and lamina propria is defined as a basement membrane-
like structure and is clearly displayed as gray graduation. Loss of 
integrity or violation of this structure is consistent with invasive 
carcinoma [2, 3].

NBI is an imaging technique that uses light of specific blue and 
green wavelength to enhance details of the surface of the epithe-
lium, in particular, blood vessels. Activation of special filters leads 
to use of ambient light of wavelength between 440–460 nm and 
540–560 nm [7]. Peak light absorption of hemoglobin at these 
wavelengths causes vessels to appear dark in color and leads to bet-
ter identification of other surface structures and even small lesions. 
With the use of NBI-based classifications of blood vessels, changes 
in mucosal microvasculature were detected in premalignant and 
malignant lesions of the larynx [4]. However, NBI fails to detect 
cellular abnormalities and to display the basement membrane.

Confocal endomicroscopy (CEM) is a new technology that 
provides en-face images of the tissue and is mainly used for detec-
tion of high-grade dysplasia and adenocarcinoma of the esophagus. 
A meta- analysis was carried out to evaluate the diagnostic accuracy 
of CEM- based targeted biopsies [8]. In four out of seven studies 
per lesion, analysis for diagnosis of high-grade lesion and adeno-
carcinoma of the esophagus revealed a sensitivity and specificity of 
68 % and 88 %, respectively. The authors concluded that in conse-
quence of the low sensitivity and positive likelihood ratio, CEM 
may currently not replace standard histopathology.

So far, there are no data available from clinical studies that 
demonstrate in vivo a reliable differentiation between low-grade 
and high- grade lesions of the larynx. Biopsies of the larynx in 
patients with suspicious laryngeal lesions have significant sampling 
errors. The need for re-biopsies is time-consuming and is also asso-
ciated with a  potential risk of prolonged or persistent hoarseness. 
The aim of this clinicopathological study was to compare the OCT 
and CEM-based targeted biopsies with histopathology.

Materials and Methods

This prospective study was performed between January 2012 and 
December 2013 at the University of Rostock, Germany. OCT 
measurements were carried out in cooperation with the Institute 
for Biomedical Optics at the University of Lübeck, Germany. The 
studies (CEM study and CEM plus OCT study) were approved by 
the Ethics Committee of the General Medical Council of 
Mecklenburg, Western Pomerania. Informed consent was obtained 
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from each patient before OCT and/or CEM measurements were 
carried out.

Patients with primary lesions of the true vocal cord suspicious for 
low- grade or high-grade lesions with an indication for microlaryn-
goscopy were recruited to participate in this study after informed 
consent was obtained and were included as soon as biopsies were 
taken for histopathology.

Exclusion criteria were no indication for biopsy or excision 
during microlaryngoscopy, patients found to have invasive laryn-
geal cancer clinically and by biopsy (T1-4), inability to provide 
informed consent, and age <18 years.

The CEM series consisted of a total of 67 patients (age 40–82 
years, mean age 60.9 ± 11.2 years; 19 women and 48 men) recruited 
at the Department of Otorhinolaryngology and Department of the 
Clinic of Phoniatry and Paediatric Audiology of the University of 
Rostock. The OCT measurements started 3 months later. Out of the 
67 patients, 39 patients were included in the CEM and OCT study 
(ten women and 29 men; age 44–82 years, mean age 62.4 ± 11 years).

For intraoperative OCT measurements, the OCT camera 
(Optomedical Technologies GmbH, Lübeck, Germany) was 
attached to the camera port of the surgical microscope Hi-R 1000 
NIR (Haag-Streit Surgical GmbH, Wedel, Germany). The micro-
scope is optimized for transmission in the near-infrared spectrum. 
Detailed information is presented elsewhere [9]. The microscope 
Hi-R 1000 NIR (Moeller Wedel GmbH, Wedel, Germany) is opti-
mized for light transmission in the near- infrared spectral range 
(NIR). The OCT camera base device consists of four main compo-
nents: an 840 nm broadband light source, a spectral domain OCT 
detector, motorized OCT reference optics, and an OCT scanner 
attached to the camera port. The motorized reference optics 
enables the surgeon to use OCT laryngoscopy at different working 
 distances ranging from 220 to 500 mm. The OCT camera pro-
vides an optical window depth of 4.2 mm. The OCT picture shows 
1024 pixels in depth. Therefore, the axial pixel distance is 4.1 μm 
in air and 3.1 μm inside tissue with an index of refraction of 1.34, 
respectively. The axial OCT resolution is about 10 μm in air and 
about 7.5 μm inside tissue. The lateral scan width depends on the 
magnification of the microscope and can be changed from 5 mm 
up to 30 mm. The lateral resolution of the OCT system depends 
on the central wavelength and the numerical aperture. The latter 
parameter changes with change of magnification and working dis-
tance. The best image quality is reached when the lateral resolution 
is about 23 μm at highest magnification and a working distance of 
232 mm. For CEM measurements, a rigid endoscope was used 
with a length and diameter of 23 cm and 5 mm, respectively (Karl 
Storz GmbH & Co., KG; Tuttlingen, Germany). The endoscope is 
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connected to the scanner of the Heidelberg Retina Tomograph II 
(HRTII, Heidelberg Engineering GmbH, Heidelberg, Germany). 
Detailed information is published elsewhere [10]. The scanning 
device provides images of 400 μm × 400 μm field of view. The aver-
age penetration depth is between 100 and 300 μm. The lateral and 
axial resolutions are about 1–2 and 2 μm, respectively. In contrast 
to OCT, CEM has to be used in contact mode.

The larynx was exposed using a Kleinsasser laryngoscope held by 
suspension (Karl Storz GmbH & Co. KG, Tuttlingen, Germany). 
All laryngeal lesions were photographed during microlaryngos-
copy. Endoscopes (30° and 70°) were used to assess the laryngeal 
lesions whenever necessary. In vivo measurements started with 
OCT application. Using the operating microscope, a nominal 
working distance of between 224 and 280 mm was used (magnifi-
cation of between ×4.0 and ×7.0). In the intraoperative setting, 
perpendicular OCT sections through the true vocal cords were 
performed, and the images and volume sections were digitally 
stored. The process was started manually, and cross-sectional and 
volume images were monitored on the dedicated screen. For orien-
tation, a green pilot beam indicated the scanning field and enabled 
the surgeon to define the location of the biopsy and resection plane 
[11]. Next, a rigid endoscope was connected to the scanner of the 
HRTII and inserted through the laryngoscope. The endoscope 
was gently placed on the lesion. A contact gel was used (Vidisic® 
gel, Bausch & Lomb GmbH, Germany) to avoid strong reflections 
[10]. Three different modes were used for sampling (sections mode 
for images, sequence acquisition mode for a series of 100 images of 
a defined depth by moving the endoscope, and volume mode for a 
series of 40 images). Intraoperative CEM and OCT measurements 
increased the normal operating time for 10–12 min.

For comparison of CEM images and volume scans with OCT 
and histopathology at a later stage, the biopsy was taken as pre-
cisely as possible from the same region as scanned before.

Biopsies of regions examined with either CEM or CEM and OCT 
were fixed in 4 % formaldehyde solution, embedded in paraffin, 
and sectioned vertically. All specimens were submitted to the 
Institute of Pathology of the University of Rostock for histopatho-
logic examination. Hematoxylin and eosin were used for staining. 
Dysplasia and squamous intraepithelial lesions were graded accord-
ing to the World Health Organization guidelines [12].

For 47 biopsies/excisions of 39 patients (CEM and OCT series), 
OCT and CEM analyses were performed. Three investigators 
(E.G., B.S., and T. J.) reviewed the digitally stored OCT images of 
lesions for which corresponding histological sections were available. 

Intraoperative 
Applications

Histopatho-logical 
Examination  
of Biopsies 
and Resection 
Specimens

Analysis of CEM 
and OCT Images 
and Correlation 
Analysis
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The thickness measurements of the epithelium were performed 
blind and without histopathological knowledge. In biopsies and 
excisional biopsies, the OCT images of defined regions of the speci-
men (anterior, middle, posterior part of the true vocal cord) were 
compared with findings of the corresponding histopathological 
sections.

For OCT, the following criteria were used to classify epithelial 
lesions: thickness of the epithelium and identification and assess-
ment of the integrity of the border between epithelial layer and the 
lamina propria as correlate of the basement membrane, which is 
clearly visible as gray graduation. In contrast to the published mor-
phometric data of the thickness of the laryngeal epithelia [13, 14], 
cutoff between low- grade (mean 145 μm, 95 % CI of 121–169 
μm) and high-grade lesion (mean 278 μm, 95 % CI of 242–314 
μm) was defined as epithelium of about 180 μm thickness. In the 
literature, normal epithelium was defined as epithelium of about 
150 μm [13]. Histopathological diagnoses comprising hyperkera-
tosis, hyperplasia with or without cell atypia, inflammation, and 
mild and moderate dysplasia were classified as low- grade lesions, 
while severe dysplasia and carcinoma in situ were classified as high-
grade lesions.

All OCT raw data were imported and converted using Image J 
(Version 1.45s, NIH, USA). The measurement depth in air is 
4.2 mm. Considering the refractive index of 1.34 in tissue, the mea-
surement depth is reduced to 3.13 mm. This results in a pixel pitch 
of 3.13 μm. Descriptive statistics were applied to depict thickness of 
the epithelium. The software SPSS 21.0 (SPSS, Inc., Chicago, IL) 
was used for descriptive statistics. For all calculations, a p value of 
less than 0.05 was considered as statistically significant.

According to histopathology, CEM images were graded on a 
two- tiered scale as no or mild dysplasia (resembling low-grade 
SIL) or severe dysplasia/carcinoma in situ (resembling high-grade 
lesions).

Results

This clinicopathological study included a total of 67 patients, of 
whom 97 biopsies were taken. According to histopathology, 44 
biopsies were non-dysplastic (mucosal inflammation with or with-
out cell atypia, hyperkeratosis, epithelial hyperplasia), six biopsies 
showed mild  dysplasia, and ten biopsies revealed moderate laryngeal 
dysplasia. In two biopsies, severe dysplasia was found, and in 35 
biopsies, carcinoma in situ or microinvasive carcinoma was found.

A representative case of this study is demonstrated in Figs. 1 
and 2. The right-sided lesion was biopsied for histopathology. The 
middle and lower part of the epithelium reveals dysplastic cells 
(Fig. 1b). The boundary between the epithelium (gray) and the 
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lamina propria is clearly visible with OCT (Fig. 1c). There is an 
increased backscattering from the basement membrane region, 
suggesting a difference in optical properties between normal upper 
epithelium and epithelial dysplasia close to the basement mem-
brane. The white irregular thickened line is defined as the basal 
membrane and dense cell layers above the basal membrane. 
Underneath the basement membrane, the lamina propria is detect-
able. Histology of the chordectomy specimen reveals a carcinoma 
in situ (Fig. 2b). In contrast to the preoperative OCT image, the 
epithelium appears thicker (about 220 μm). Both representative 

Fig. 1 (a) Photograph of a right-sided glottic lesion. Circle marks the biopsy taken for histopathology. (b) 
Histopathology (hematoxylin and eosin) reveals severe dysplasia with hyperkeratosis (1 = superficial and 
2 = deep epithelial layer; 3 = lamina propria). (c) Optical coherence tomography of the right vocal cord. A rep-
resentative cross section through the biopsied region reveals a thickened epithelial layer (1 = superficial and 
2 = deep epithelial layer, LP = lamina propria) with an irregular but intact basal membrane (arrows). (d) Confocal 
microscopic image (en-face image) obtained from the middle layer of the biopsied region (about 150 μm, black 
line in B) demonstrates enlarged and irregular- shaped nuclei (arrows) and an irregular cell architecture (scale 
bar 50 μm)

Tino Just et al.
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Fig. 2 (a) Photograph of the same right-sided glottic lesion. Keratotic mass was removed for diagnosis. (b) 
Histopathology of the subepithelial chordectomy specimen reveals a carcinoma in situ (hematoxylin & eosin). 
(c) Higher magnification of the red window. (d) Optical coherence tomography reveals a thickened epithelial 
layer (EP = epithelium) with an irregular (arrows) but intact basal membrane. Thickness of the epithelium 
exceeds 180 μm. (e) Confocal microscopic image (en-face image) obtained from the middle layer of the biop-
sied region (at about 150 μm in depths, black line in b) demonstrates enlarged cells and irregular-shaped 
nuclei (arrows) and an irregular cell architecture (scale bar 50 μm)
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Table 1 
Accuracy of confocal endomicroscopy (CEM) consensus (N = 97)

CEM Histopathology

No. 59 38

Low-grade lesion High-grade lesion

60 Low-grade lesion 54 6

37 High-grade lesion 5 32

Low-grade lesion = no dysplasia, mild and moderate dysplasia
High-grade lesion = severe dysplasia, carcinoma in situ/microinvasive carcinoma

Table 2 
Accuracy of confocal endomicroscopy (CEM) consensus (N = 47)

CEM Histopathology

No. 26 21

Low-grade lesion High-grade lesion

26 Low-grade lesion 24 2

21 High-grade lesion 2 19

Low-grade lesion = no dysplasia, mild and moderate dysplasia
High-grade lesion = severe dysplasia, carcinoma in situ/microinvasive carcinoma

OCT images demonstrate a high-risk epithelium. The example 
CEM images (obtained from volume scans) demonstrate clearly 
changes of cell architecture (Figs. 1d and 2e).

In the CEM study (N = 97), consensus diagnoses of the laryn-
geal lesions were worked out and the CEM diagnoses were com-
pared with histopathology (Table 1). Sensitivity, specificity, and 
positive and negative predictive values were calculated, and these 
were found to be 84 % (95 % confidence interval (CI) of 68–93 %), 
91.5 % (95 % CI of 81–97 %), 86 % (95 % CI of 70–95 %), and 90 
% (95 % CI of 79–96 %).

In the OCT and CEM study (N = 47), sensitivity, specificity, 
and positive and negative predictive values for CEM were calcu-
lated, and these were found to be 90 % (95 % CI of 68–98 %), 92 % 
(95 % CI of 73–99 %), 90 % (95 % CI of 68–98 %), and 92 % (95 % 
CI of 73–99 %) (Table 2). OCT revealed values of sensitivity, speci-
ficity, and positive and negative predictive values of 86 % (95 % CI 
of 63–96 %), 81 % (95 % CI of 60–93 %), 78 % (95 % CI of 56–92 
%), and 87 % (95 % CI of 66–97 %) (Table 3). Inter-rater variability 
of CEM and OCT images was assessed using the digitally stored 
images and resulted in kappa = 0.75 (P < 0.001) for CEM and in 
kappa = 0.58 (P < 0.001) for OCT.

Tino Just et al.
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Table 3 
Accuracy of optical coherence tomography (OCT) consensus (N = 47)

OCT Histopathology

No. 24 23

Low-grade lesion High-grade lesion

26 Low-grade lesion 21 5

21 High-grade lesion 3 18

Low-grade lesion = no dysplasia, mild and moderate dysplasia
High-grade lesion = severe dysplasia, carcinoma in situ/microinvasive carcinoma

Next, the test outcomes of the combination of OCT plus CEM 
were calculated. True positive and true negative were defined when 
CEM or OCT were positive and when CEM and OCT were negative, 
respectively. Compared with the test outcomes of OCT and CEM, 
sensitivity improved to 95 % (95 % CI of 74–99 %), while specificity 
decreased to 77 % (95 % CI of 56–90 %). Positive and negative predic-
tive values were found to be 77 % (95 % CI of 56–90 %) and 95 % (95 
% CI of 74–99 %), respectively.

Discussion

In this clinicopathological study, we demonstrated test outcomes 
for CEM and OCT to differentiate low-grade from high-grade 
laryngeal lesions. The following major results were found: (1) 
CEM revealed a higher sensitivity and higher positive predictive 
value than OCT when CEM and OCT were considered separately 
and (2) combination of CEM and OCT improves the sensitivity 
while the specificity decreases compared to test outcomes for CEM 
and OCT alone.

Diagnosis and management of laryngeal dysplasia were pre-
sented in 2010 [15]. 40 ENT surgeons and 40 pathologists 
attended a national workshop. As a result of this meeting, a con-
sensus paper was published. In the presence of widespread laryn-
geal leukoplakia or confluent  leukoplakia, histopathologic mapping 
of the laryngeal lesion with multiple biopsies was recommended, 
followed by staged resection if feasible. In addition, it was noted 
that laryngeal biopsies varied in size and surgeons should try to 
take larger biopsies when possible to make orientation and evalua-
tion more reliable, particularly if there were previous difficulties in 
interpretation of the pathology. This poses the question whether it 
is feasible to improve the precision of biopsy using optical tech-
nologies to identify pathological regions within the epithelium and 
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to get a reliable biopsy for diagnosis. A control group consisting of 
test outcomes without OCT and/or CEM-based targeted biopsies 
was not presented. Results of a pilot survey revealed a sensitivity, 
specificity, positive and negative predictive values, and predictive 
accuracy of 85, 56, 44, 90, and 65 % for agreement of histopathol-
ogy and assessment of the laryngeal lesion to differentiate low-
grade from high-grade lesions [1]. The survey included eight 
patients out of this histopathological study and can be addressed as 
a small sample. In both studies, only those laryngeal lesions were 
included which could not be easily assigned as benign or malign. 
Compared to the clinical survey, both CEM and OCT-targeted 
biopsies improved the test outcome considerably.

As a result of this study, the authors conclude that the man-
agement of persistent or recurrent squamous intraepithelial lesions 
as recommended, namely, complete excision of single and multi-
ple lesions with severe dysplasia or carcinoma in situ, will not 
change [15]. However, the recommendation to excise recurrent 
focal mild dysplasia of the larynx rather than to observe it needs to 
be focused on by further studies. To monitor mild lesions of the 
larynx over time, a laryngoscope-based in vivo visualization of the 
laryngeal mucosa is needed. An OCT sampling device capable to 
monitor in vivo laryngeal cross sections during an office-based 
laryngoscopy was published in 2006 and 2013 [16, 17]. To intro-
duce such an imaging modality in daily practice may further 
improve the presurgical diagnosis in patients with persistent 
hoarseness. In contrast to OCT, CEM is mainly used in contact 
mode via a single fiber or endoscope. Currently, CEM can only be 
applied during microlaryngoscopy under general anesthesia to get 
reliable information of the lesion. Therefore, OCT and CEM can-
not currently be used as complementary imaging modalities via a 
microscope or laryngoscope.

In vivo diagnosis with optical technologies will not replace his-
topathology, but will improve the management of persistent or 
recurrent squamous intraepithelial lesions. It is conceivable that 
the use of high- speed technologies in the future will be capable to 
monitor in vivo laryngeal lesions over time in an office-based set-
ting. The cost effectiveness to monitor laryngeal lesions over time 
rather than immediately biopsy mild dysplasia and to early diag-
nose high-grade lesions needs to be calculated. A meta-analysis on 
the management and follow-up of laryngeal dysplasia revealed an 
overall transformation rate from  dysplasia to invasive carcinoma of 
about 17 %, while severe dysplasia/carcinoma in situ demonstrated 
a mean progression rate of about 30 % [18]. Therefore, the prefer-
ential aim in laryngology should be the early diagnosis of high-
grade lesions. The present study demonstrated that optically 
targeted biopsies improve the test outcome. However, further 
developments and studies are needed to provide office-based tech-
nologies and then obtain results from multicenter studies.

Tino Just et al.
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Conclusions

On the basis of a prospective study, OCT and CEM with targeted 
biopsies demonstrate good diagnostic sensitivity and accuracy for 
detection of high-grade lesions. The test outcome in the study was 
much higher than it would be seen in clinical practice, and these 
results should be interpreted with caution due to the relatively low 
number of patients included in this study. However, further devel-
opments, namely, office- based imaging via laryngoscope and fur-
ther studies, are needed.
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    Chapter 30   

 Confocal Microscopy and Micro-endoscopy of the Larynx                     

     Veronika     Volgger      ,     Anna     Englhard     , and     Christian     Stephan     Betz      

       Introduction 

 The current gold standard in the evaluation of laryngeal lesions is 
white light examination followed by invasive tissue biopsy. This is 
a  cost-intensive and time-consuming method  , with a risk of over- 
or undertreatment in diffuse and widespread lesions. In the last 
decades, various optical techniques have been developed to nonin-
vasively reveal in situ information about the histologic characteris-
tics of tissues. Especially for the fi ne and fragile tissue of the  larynx  , 
a noninvasive tissue diagnosis seems to be of major importance, to 
reduce the risk of a function defi cit after surgery. 

 There are, as mentioned above, different optical techniques to 
evaluate lesions of the larynx. Some of them only evaluate the sur-
face of a lesion [such as autofl uorescence imaging (AFI) and narrow 
band imaging (NBI)]; others are sectional imaging techniques 
[such as optical coherence tomography (OCT) and photoacoustic 
imaging (PAI)]. In this chapter confocal microscopy and confocal 
endomicroscopy are presented. 

 Confocal microscopy was fi rst described in 1955 by Marvin 
Minsky. The fi rst confocal microscopes became commercially available 
about 20 years later [ 1 ]. Confocal laser scanning microscopes 
(CLSMs) are mainly used in ophthalmology to evaluate the cornea, 
conjunctiva, and iris but can be used to evaluate tissue of various 
 origins [ 2 ,  3 ]. 

 In confocal laser endomicroscopy (CLE), the initial tech-
nique is brought to a miniaturized version. CLE is a noninvasive 
technique that allows visualization of tissue of the upper aerodi-
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gestive tract ( UADT  ). CLE has already found its way into clinical 
routine in gastroenterology and is tested in other fi elds, but it is 
still very new to the head and neck.  CLE   enables high-resolution, 
microanatomical analysis of targeted tissue (“optical biopsies”) 
in vivo and in real time during endoscopy [ 4 ,  5 ]. By showing  his-
tologic characteristics   of the mucosa and submucosa, it can dif-
ferentiate different tissue types and gradings [ 6 ]. These fi ndings 
could serve to reduce unnecessary biopsies and identify lesions 
needing further treatment. Moreover, by determining the exact 
margins of lesions, a more precise treatment can be rendered and 
unwanted effects from over- and under-resection minimized. 
Besides from better differentiating laryngeal lesions, there may be 
other indications where CLSM and CLE of the larynx could be 
useful.  

   Technical Background 

 In contrast to light microscopy, where the whole tissue sample is 
illuminated at the same time, in confocal laser scanning microscopy 
( CLSM        ), a laser focus is scanning laterally across a sample illumi-
nating a single point in a certain depth at a time and providing 
high-resolution images. Then, induced fl uorescence or refl ectance 
is collected, while all out-of-focus light gets rejected by a pinhole 
in front of the detector (Fig.  1 ). With high numerical aperture 
objectives, submicron resolution can be achieved in all planes. 
Confocal laser endomicroscopy transfers this principle into a min-
iaturized endoscopic version. For the translation of confocal 
microscopy to in vivo CLE, the replacement of the traditional con-
focal pinhole by a single mode fi ber is very important, because the 
optical fi ber is acting as both the illumination point source and the 
detection pinhole, allowing the miniaturization required for endos-
copy [ 7 ,  8 ].

   CLSMs work at very high speed and produce high-resolution 
images of tissue up to depths between 100 and 500 μm within the 
oral cavity [ 9 – 11 ]. In CLE, due to the miniaturization, there are 
trade-offs between resolution, fi eld of view, and penetration depth. 
In CLE two-dimensional tissue scanning is possible down to a 
(fl exible or fi xed) depth of approximately 250 μm. By stacking 
multiple scans recorded from different depths, even 3D imaging is 
possible. CLE images, in contrast to histopathological slides, are 
oriented parallel to the tissue surface (“en face” images). Lateral 
and axial resolutions down to 0.5 μm and 3 μm, respectively, fi elds 
of view as large as 800 × 450 μm, and probe diameters down to 
1.0 mm have been achieved [ 7 ]. 

 Because confocal imaging usually relies on tissue fl uorescence 
(less common on refl ectance), a fl uorescent dye (applied topically 
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or intravenously) is necessary to make tissue visible. The brightness 
of the resulting image thereby corresponds to the intensity of 
detected fl uorescence.  

   Fluorescent Stains for CLE 

 There are different  fl uorescent stains   that have been used with CLE. 
 The only licensed contrast agent for being used with CLE 

in vivo in humans is intravenously applied fl uorescein. The optimal 
dose for obtaining high-quality images (of the colon) seems to be 
5 ml of a 10 % sodium fl uorescein solution [ 12 ], but body weight 
adapted dosing is being discussed [ 13 ]. First studies of the UADT 
recommend an administration of 2.5–5 ml of a 10 % sodium fl uo-
rescein solution [ 14 ,  15 ]. The unbound contrast agent quickly dif-
fuses across capillaries and highlights blood vessels and interstitial 
spaces for up to 30 min; however, the image quality deteriorates 
after 8 min [ 16 ]. First images can be taken 20–30 s after application 
of the contrast agent [ 17 ]. Fluorescein does not stain any intracel-
lular structures, such as cell nuclei [ 7 ]. Fluorescein is known as an 
agent used in ophthalmology for retinal fl uorescein angiography 
and is considered to be mostly safe. Serious adverse events such as 
acute hypotension or anaphylaxis are rare [ 18 ,  19 ]. A larger analysis 
on 2272 patients showed mild adverse reactions in 1.4 %, but no 
serious adverse events [ 20 ]. 

Light source

Dichroic beam
splitter

Objective
lens

Focal
plane

Tissue

Pinhole

Photodetector
In focus emitted fluorescence

Out of focus emitted fluorescence

  Fig. 1    Setup of a confocal (endo-)  microscope   (from Volgger et al. [ 15 ])       
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 Intracellular as well as nuclear staining of the uppermost 
mucosa can be achieved by using topical contrast agents. None of 
them is offi cially licensed for in vivo use in humans, though their 
use has been reported previously. Nevertheless topical agents are 
regularly used with CLE in murine models or  ex vivo  on human 
tissue specimen. They are easy to apply and do not regularly carry 
the risk of systemic side effects. They typically do not penetrate 
more than 100 μm into the mucosa [ 6 ,  17 ]. The most commonly 
used agent is acrifl avine [ 21 – 23 ], which stains the nuclei and is 
typically applied as acrifl avine hydrochloride 0.05 %. However, 
there is considerable concern about a potential mutagenic effect, 
which has reduced its use in humans in vivo [ 24 ]. 

 By combining fl uorescein and topical acrifl avine, it is possible 
to calculate nuclear/cytoplasm ratio, which is a useful indicator for 
cellular differentiation. 

 Other topical dyes (or precursors) that have been used for CLE 
are cresyl violet, hypericin, 5-aminolevulinic acid, topical fl uores-
cein, and 2-NBDG (2-[ N -(7-nitrobenz-2-oxa-1,3-diaxol-4-yl)
amino]-2-deoxyglucose) [ 17 ,  25 – 28 ]. Potentially every fl uores-
cent dye could be used for CLE—for the commercially available 
systems, only dyes with an absorption and emission maximum in 
the infrared spectrum are suitable. 

 Besides these unspecifi c stains, fl uorescent probes directed 
against certain, disease-specifi c biomarkers are investigated in 
experimental settings [ 4 ]. Monoclonal antibodies targeted 
against the epidermal growth factor receptor (EGFR) or vascu-
lar endothelial growth factor (VEGF) have been successfully 
used in organ cultures, tissue samples, and  human   tumors grown 
in mice [ 29 – 31 ]. These specifi c markers might help to target 
lesions at risk during endoscopy and to predict response to 
 targeted treatment [ 31 ].  

   Clinically Certifi ed CLSM and CLE Systems 

 There are numerous  clinically   certifi ed CLSM systems on the mar-
ket. The four biggest producers of microscopes all have CLSMs in 
their assortment (Carl Zeiss, Leica Microsystems, Nikon, and 
Olympus).  There   are various other manufacturers producing 
CLSMs for special indications. 

 Currently, there are only two clinically certifi ed, CE-marked, 
and FDA-approved CLE systems on the market for the in vivo use 
in humans. 

 One of them is the ISC 1000 endomicroscope (initially Pentax 
Life Care, Tokyo, Japan, and Optiscan Pty Ltd., Notting Hill, 

Veronika Volgger et al.



495

Victoria, Australia, since 2008 Hoya Corporation, Tokyo, Japan, 
and Optiscan Pty Ltd., Notting Hill, Victoria, Australia). The CLE 
system is integrated into the distal tip of a conventional, large bore, 
fl exible endoscope—this type of system is referred to as an 
endoscope- based confocal laser endomicroscope (eCLE). The 
Pentax system provides continuous scanning depths from 0 to 
250 μm and has an excellent lateral resolution of 0.7 μm and a 
fi xed fi eld of view of 475 × 475 μm [ 7 ]. 

 The other system is a probe-based confocal laser endomi-
croscopy (pCLE) system called Cellvizio (Mauna Kea 
Technologies, Paris, France). Various miniprobes with variable 
diameters and optical characteristics can be inserted through the 
working channel of any standard fl exible or rigid endoscope. In 
contrast to the Pentax system, the focal plane of each confocal 
miniprobe is fi xed. 

 The optical characteristics of both systems  are   compared in 
Table  1 . Both work at an excitation wavelength of 488 nm and 
have a detection bandwidth in the upper visible range. Advantages 
of the Pentax system are a higher resolution and a variable and 
higher penetration depth. Disadvantages are the large diameter 
of the probe (rigid distal diameter 12.8 mm) and the limitation 
of bending of the distal tip, which weigh heavy in confi ned ana-
tomical areas as the larynx [ 21 ]. The disadvantages of the probe-
based system include a limited lifespan of 20 procedures per 

   Table 1  
   Commercially   available confocal laser endomicroscopy systems and their optical characteristics   

 Cellvizio system 
 Pentax 
system 

 Gastro-/
Colofl ex 

 Gastro-/
Colofl ex 
 UHD   

 Cholangiofl ex  AQ-Flex  Alveofl ex 

 Imaging rate 
(frames/s) 

 12  0.8 or 1.6 

 Depth of 
imaging (μm)    

 70–130 (fi xed)  55–65 (fi xed)  40–70 (fi xed)  40–70 
(fi xed) 

 0–50 (fi xed)  0–250 
(fl exible) 

 Lateral 
resolution 
(μm) 

 3.5  1  3.5  3.5  3.5  0.7 

 Field of view 
(μm)    

 Ø 600  Ø 240  Ø 325  Ø 325  Ø 600  475 × 475 
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miniprobe, which increases the maintenance costs. Advantages 
are the faster image acquisition rate (12 frames/s versus 0.8–1.6 
frames/s) and the mosaic function, where single images are 
stitched together.

   According to Optiscan, a third commercial CLE system is cur-
rently being developed in cooperation with Carl Zeiss Meditec AG 
(Jena, Germany) for the  use   in neurosurgery; ear, nose, and throat 
(ENT) surgery;    and spinal surgery.  

   Implementation of Confocal Endomicroscopy Imaging 

 As mentioned above,  to   date, there are two commercially avail-
able systems on the market for clinical confocal endomicroscopy 
imaging in the head and neck fi eld: the ISC 1000 endomicro-
scope (Hoya Corporation, Tokyo, Japan, and Optiscan Pty Ltd., 
Noting Hill, Victoria, Australia) and the Cellvizio system (Mauna 
Kea Technologies, Paris, France). They both work in fl uores-
cence rather than in refl ectance mode and have an excitation 
wavelength of 488 nm and a detection bandwidth in the upper 
visible range. 

 Confocal endomicroscopy can be performed both under gen-
eral anesthesia (for examination of the lower pharynx and larynx) 
and in the awake patient. For imaging, a contrast agent is neces-
sary. The only licensed stain for being used in vivo in humans with 
CLE is intravenously applied fl uorescein. 2.5–5.0 ml of a 10 % 
fl uorescein solution should be applied. 

 After intravenous injection fl uorescein distributes in the vas-
culature and passes across the systemic capillaries to reach the 
tissues, highlighting extracellular matrix. Images can be gener-
ated a few seconds up to 30 min after application of the contrast 
agent, though image quality deteriorates signifi cantly after 
approximately 8 min. To generate photographs or video fi les, 
the CLE probes need to be in direct contact with the mucosa. 
For the ISC 1000 endomicroscope, the large bore fl exible endo-
scope with the integrated CLE system is directly placed on the 
tissue, which can be challenging for some areas (e.g., the lar-
ynx), while for the Cellvizio system, a miniprobe is inserted 
through a standard endoscope and then again placed onto the 
tissue. Our own experience showed the best images with  the 
  Gastrofl ex UHD miniprobe [ 15 ]. Usually CLE imaging requires 
two examiners—one has to place the endoscope on the lesion 
and the other one is needed to run the system. A CLE examina-
tion takes a few minutes. Figure  2  shows how the CLE probe is 
placed onto the vocal cord of a patient.
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      Interpretation of CLE Results 

 CLE, so far, has been mostly used  in   gastroenterology. Classifi cation 
systems have been developed to help classify different lesions espe-
cially in the esophagus and colon. 

 As CLE is still very new to the head and neck, no offi cial clas-
sifi cation system exists. Nevertheless, certain characteristics of dif-
ferent lesions in the head and neck can be observed. Fluorescein 
does not allow for direct nuclear visualization, therefore nucleus/
cytoplasm ratios cannot be used for diagnosis and grading of 
intraepithelial neoplasias. 

 In healthy mucosa a regular cellular size, shape, and architec-
ture can be seen. Also capillaries can be seen. Figures  3 ,  4 , and  5  
show normal epithelium from different sites within the head and 
neck of patients and healthy volunteers.

     In dysplasias cells vary in shape and size. An irregular cellular 
array can be found (Fig.  6 ).

   Infl ammatory lesions usually show enlarged intracellular spaces 
caused by edema. 

 In carcinomas CLE allows to visualize neo-angiogenesis, irreg-
ular cellular architecture, and poorly defi ned cell borders. Figures  7  
and  8  show an early invasive carcinoma of the anterior commissure 
of the larynx and the corresponding pCLE image.

    Highly  hyperkeratotic   lesions are very hard to investigate and 
interpret with CLE because light does not suffi ciently penetrate 
the keratin layer.  

  Fig. 2    Placement of the  CLE   probe onto the vocal cord       
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  Fig. 4    pCLE image of healthy  mucosa   of the dorsum of tongue showing papillae 
in a healthy volunteer       

  Fig. 3    pCLE image of  healthy   mucosa of the vocal cord in a patient showing regu-
lar cellular size, shape, and architecture       
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  Fig. 5    pCLE image of the alveolar ridge in a healthy volunteer       

  Fig. 6    pCLE image of a high-grade dysplasia of the vocal. Cells are irregular in 
size and shape and cellular borders are not clearly visible       
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   Clinical Applications 

 In the 1980s and 1990s, animal and human tissue was fi rst imaged 
in vivo with confocal microscopes. In vivo imaging was initially 
limited to easy accessible organs such as the eye, skin, and oral 
 cavity [ 32 ,  33 ]). In order to increase accessibility to tissue, micro-
scope modifi cations were made, such as building a mechanical arm 

  Fig. 8    pCLE image of an early invasive carcinoma of the anterior commissure in 
a 73-year-old male patient       

  Fig. 7    Early invasive carcinoma of the anterior commissure in a 73-year-old male 
patient       
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and a rotatable head to image skin, lip, and tongue in vivo [ 11 , 
 33 – 35 ]. In 2006 Just et al. were the fi rst to use CLSM for the 
 investigation   of laryngeal tissue  ex vivo , after applying it to other 
tissues of the UADT previously in the early 2000s [ 36 ,  37 ]. The 
authors tried to distinguish non-carcinoma (benign and premalig-
nant lesions) from carcinoma (carcinoma in situ and invasive carci-
noma) in 43 larynx specimen of 26 patients and reported about the 
fi ndings in seven laryngectomy specimen. For the  evaluation   of 
tissue, they used the following criteria: nuclear size, nuclear den-
sity, number of nuclei, nucleus/cytoplasm ratio, regularity of the 
cell layers, morphology of cells of a cell layer, and occurrence of 
cellular junctions. Using these criteria for the differentiation 
between non-carcinoma and carcinoma, a sensitivity of 72.7 % and 
a specifi city of 82.9 % were reached. They also described the 
appearance of healthy laryngeal mucosa and different pathologies 
in CLSM. Healthy mucosa could be visualized up to a depth of 
200 μm. The layers of the lamina propria and the vocal ligament 
could be differentiated with CLSM. In  healthy      laryngeal mucosa, 
the superfi cial cell layer is characterized by a regular cell architec-
ture. The cells near the basement membrane appear smaller and 
have a higher nucleus/cytoplasm ratio compared to the superfi cial 
cell layer. The border between superfi cial and basement cell layer is 
clearly visible, whereas the basement membrane itself cannot be 
identifi ed. Additionally, elastic fi bers of the subepithelial space and 
subepithelial vessels were detected. Infl ammation is characterized 
by koilocytes—cells with a vacuolated cytoplasm and ballooned 
appearance. In dysplasias an irregular cell architecture and size can 
be found. In contrast to dysplasias, cellular junctions cannot be 
identifi ed in carcinomas.  Carcinomas   also show atypical cells with 
an increased nucleus/cytoplasm ratio. 

 According to the authors, visualization of cells around the 
basement membrane is the precondition for in vivo diagnosis of 
precancerous lesions and seems possible in most laryngeal lesions. 
The main reason for low image quality or misinterpretation of 
images was severe hyperkeratosis and extensive hyperplasia. 

 Besides from evaluating laryngeal lesions, CLSM has been 
used to better understand pediatric laryngeal development [ 38 , 
 39 ]. The current knowledge is limited by the lack of pediatric spec-
imen availability.  Preliminary imaging   results with spectrally 
encoded confocal microscopy in porcine tissue and in pediatric 
laryngeal specimen demonstrate the potential for endomicroscopic 
imaging of the vocal folds. Images portraying epithelial cells, the 
basement membrane, and the lamina propria were obtained down 
to 375 μm/250 μm deep in the tissue, respectively. One patient 
was investigated in vivo with a prototype rigid handheld confocal 
endomicroscope and cellular details could be shown. 

 In vivo visualization of laryngeal tissue was only possible after 
confocal laser endomicroscopes were developed. 
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 By far most clinical studies on CLE have been published in 
gastroenterology. Hallmark indications are (1) the differentiation 
of Barrett’s dysplastic lesions from non-dysplastic mucosa in the 
esophagus [ 17 ] and (2) the detection of colorectal neoplasms 
especially in follow-up situations [ 40 ].  Classifi cation systems   have 
been developed to help classify those lesions. Furthermore, CLE 
has been used to evaluate hepatobiliary strictures, gastric cancer, 
celiac disease, and infl ammatory bowel disease. The American 
Medical Association has recently approved three CPT (Current 
Procedural Terminology) codes to cover the use of CLE for the 
observation of intestinal mucosa during endoscopic procedures, 
which will facilitate the reimbursement process in the USA and 
might lead to a more frequent use and wider acceptance of this 
technology [ 15 ]. 

 Further fi elds with signifi cant scientifi c output on CLE are pul-
monology, urology, and gynecology [ 23 ,  41 – 43 ]. 

  Literature regarding   the use of CLE in the context of head and 
neck pathologies has been sparse. Its use was fi rst described in 
2004 using topical 5-aminolevulinic acid (ALA)-induced proto-
porphyrin IX (PpIX) fl uorescence in three patients with squamous 
cell carcinoma of the tongue and the fi ndings were compared to 
mucosa of healthy volunteers [ 26 ]. Using a prototype rigid CLE 
system by Optiscan Pty Ltd., the authors could clearly notice 
changes in cellular size, regularity, and density in carcinomas when 
compared to healthy mucosa. Similarly, in 2007, Thong et al. used 
the same system and detailed their fi ndings imaging normal oral 
mucosa and squamous cell carcinoma in humans and in a murine 
model [ 44 ]. They used topical PpIX and fl uorescein as contrast 
agents and determined that CLE with both stains seems suitable to 
distinguish between normal, dysplastic, and cancerous tissue. 

 After several  ex vivo  studies using  CLSM   for the differentiation 
of UADT lesions, a group from Rice University, USA, published a 
preliminary report on the use of a prototype CLE system working 
in refl ectance mode on eight patients with oral SCC in 2008 [ 45 ]. 
The authors used acetic acid for contrast enhancement and were 
able to show that nuclear morphology distinctly differed for nor-
mal mucosa and cancerous lesions. 

 From 2009, Abbaci et al. from the Institut Gustave Roussy in 
Villejuif, France, used the Cellvizio system in an  ex vivo  setting 
using various different morphological (fl uorescein, acrifl avine, cre-
syl violet, methylene blue, toluidine blue), functional (2-NBDG), 
and molecular (fl uorescent EGFR antibody) stains. Based on >100 
freshly obtained specimens from the head and neck, they were able 
to discern abnormal features in dysplastic and cancerous lesions 
when compared to normal controls. These  features   determining 
(pre)malignancy after morphological staining included changes in 
nuclear size and shape, changes in nuclear/cytoplasm ratio, and 
disorders of keratinization. However, the preliminary results of 
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functional and molecular staining were more inconsistent. The 
authors also determined a high degree of correlation (sensitivities 
92–97 %, specifi cities 85–97 %) when comparing CLE images 
(dually stained with fl uorescein and acrifl avine) and conventional 
H&E slides in blinded evaluations. This work still remains unpub-
lished; however, it has been repeatedly presented at various inter-
national meetings. 

 In 2010, Haxel et al. published the results of a pilot study 
regarding the use of the Optiscan eCLE system for imaging of oral 
and oropharyngeal mucosa [ 46 ]. They were the fi rst to describe 
the use of intravenous sodium fl uorescein ( n  = 3) in imaging of the 
upper aerodigestive tract. While imaging invasive squamous cell 
carcinoma, they were able to visualize neo-angiogenesis, irregular 
cellular architecture, and poorly defi ned cell borders. Additionally, 
they used  topical acrifl avine   in  ex vivo  specimens and demonstrated 
differences in nuclear morphology and rates of mitoses in normal 
and dysplastic specimens. Despite these promising fi ndings, they 
experienced diffi culties in handling the large bore endoscope in 
confi ned anatomical areas of the UADT. In 2012, Pogorzelski 
et al. [ 14 ] published a case series describing the use of intraopera-
tive CLE in squamous cell carcinoma of the head and neck. In vivo 
CLE of the larynx was reported for the fi rst time. Their series con-
sisted of 15 patients with SCC of the oral cavity ( n  = 4), orophar-
ynx ( n  = 7), hypopharynx ( n  = 2), and larynx ( n  = 2). During 
resection of lesions, images were generated from the tumor site as 
well as from macroscopically normal mucosa. Neoplastic specimens 
showed  nonhomogenous confi guration   of the superfi cial layers, 
irregular cellular and nuclear structures, blurry cellular defi nition, 
3–4 capillaries per high-power fi eld of view, and extended and 
irregular confi guration of the capillaries. 

 In the early 2000s, Just et al. had published on the use of 
CLSM for different pathologic states of the UADT. To access more 
areas of the UADT, they have recently developed a prototype rigid 
CLE system and have applied it in a murine UADT  cancer model   
and in human laryngeal pathologies in vivo [ 47 ,  48 ]. In  n  = 58 
mice with various states of dysplasia, they were able to differentiate 
low/moderate from high-grade dysplasia with a sensitivity of 73 % 
and a specifi city of 88 % and a moderate interobserver agreement 
of  κ  = 0.59. In volume scans of human vocal cords, they were able 
to show typical features of normal and pathologic states. 

 Later in 2012, Thong et al. expanded upon their prior study 
[ 44 ] and developed a prototype endomicroscope-embedded com-
puting system for 3-D visualization of tissue [ 49 ]. This was applied 
fi rst in a murine model and subsequently in vivo in healthy volun-
teers. In the human volunteers, they imaged the tongue, fl oor of 
mouth, buccal mucosa, and lip after topical application of hyperi-
cin or fl uorescein. The results revealed impressive 3-D renderings 
of fi liform papillae and cellular mucosal structures in video rate. 
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 In an initial pilot study, our own group looked at dysplastic/
early invasive lesions and normal mucosa (nine subsites of the 
UADT) in ten patients and fi ve healthy volunteers using the 
Cellvizio system and intravenous fl uorescein [ 15 ].  Visualization   of 
tissue architecture at a subcellular level was possible, thus allowing 
us to differentiate normal and neoplastic mucosa. These distinc-
tions were mostly based on changes in cellular sizes, shapes, and 
cellular arrangement. In normal mucosa we obtained the highest 
quality images with the most cellular detail when imaging was per-
formed against a rigid backdrop such as in the hard palate and 
alveolar ridge. 

 Currently, we launched an  ex vivo  study on human tissue speci-
mens comparing various stains, including morphological and 
molecular stains, as for their usefulness and applicability and an 
in vivo study to defi ne the role of CLE in the differentiation 
between  various    noninvasive lesions   of the UADT. The patients’ 
recruitment for the in vivo study is almost complete and we expect 
interesting and clinically relevant results. Figures  9 ,  10 ,  11 , and  12  
show examples of lesions and healthy tissue within the UADT, and 
Table  2  gives  an   overview of the abovementioned studies on CLE 
in the head and neck.

  Fig. 9    pCLE image  of   normally appearing mucosa of the vocal cord in a 69-year- 
old patient       
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  Fig. 10    pCLE image of a leukoplakia of the vocal cord in a 69-year-old patient. 
Histology: hyperplasia       

  Fig. 11    pCLE image of normal mucosa of the ventral surface of tongue in a 
73-year-old patient       
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   Table 2  
   Systems and fl uorescent dyes   used in CLE studies of the UADT   

 Study  Device used  Fluorescent dye 

 Zheng 
et al. [ 26 ]    

 Handheld, rigid Optiscan CLE probe  0.4 % of 5-ALA rinsing solution 

 Thong 
et al. [ 44 ] 

 Handheld, rigid Optiscan CLE probe  0.4 % 5-ALA rinsing solution in human model 
 0.4 % 5-ALA rinsing solution and 0.1 % 

topical fl uorescein in murine model 

 Maitland et al. 
[ 45 ] 

 Handheld, rigid prototype CLE 
system (refl ectance mode) 

 Topical acetic acid 

 Abbaci et al.   Ex vivo : Cellvizio Gastrofl ex fl exible 
probe 

  Ex vivo : various morphological stains 
(fl uorescein, acrifl avine, cresyl violet, 
methylene blue, toluidine blue) and 
molecular stains 

 Haxel 
et al. [ 46 ]    

 In vivo: Optiscan eCLE system 
 Ex vivo: handheld, rigid Optiscan 

CLE probe 

 In vivo: 5 ml 10 % IV fl uorescein  Ex vivo : 
0.02 % topical acrifl avine 

 Pogorzelski 
et al. [ 14 ] 

 Handheld, rigid Optiscan CLE probe  5 ml 10 % IV fl uorescein 

 Farahati et al. 
[ 48 ] 

  Ex vivo  murine model: prototype rigid 
CLE system 

 Just et al. [ 47 ]  Prototype rigid CLE  system   

 Thong et al. 
[ 49 ] 

 Prototype endomicroscope- embedded 
computer based on Optiscan CLE 
system 

 0.004 % topical hypericin 
 0.1 % topical fl uorescein 

 Own study  In vivo: Cellvizio Gastrofl ex UHD  2.5–5 ml 10 % IV fl uorescein 

  Fig. 12    pCLE image of a  leukoplakia   of the ventral surface of tongue in a 73-year-
old patient. Histology: high-grade dysplasia       
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          Summary and Outlook 

 CLSM is a widely accepted technique for the microanatomical 
evaluation of various tissues. It has been shown to be suitable for 
the UADT, as its penetration depth exceeds the average thickness 
of the UADT epithelium and therefore allows to visualize the base-
ment cell layer. CLE is a promising new, noninvasive diagnostic 
method providing microanatomical images of superfi cial tissue 
 layers in vivo. The method has established itself in gastroenterol-
ogy. In the UADT, CLE has shown promising results for the dif-
ferentiation of normal mucosa and dysplastic/microinvasive 
lesions, but the described methods and the results are hardly com-
parable. The method has its limitations especially in the vertical 
assessment of tissue changes. There is a rather signifi cant learning 
curve associated with image interpretation for the ENT specialist 
as well as for pathologists. Further studies are needed to better 
defi ne the role of CLE in the UADT by standardizing diagnostic 
protocols concerning the type of system and contrast agent used 
and by deploying useful classifi cation systems.     
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Chapter 31

Nonlinear Microscopy of the Vocal Folds

Mathias Strupler, Romain Deterre, Nadir Goulamhoussen, 
Fouzi Benboujja, Christopher J. Hartnick, and Caroline Boudoux

 Introduction

Many new optical microscopy techniques have recently been inves-
tigated to allow better understanding of vocal fold composition. 
Optical coherence tomography (OCT), which was first demon-
strated as a cross-sectional tool to obtain high-resolution virtual 
sections of the retina [1], was soon adapted to image inner organs 
through optical fiber-based catheters. This allowed visualization of 
superficial layers of the oral cavity [2], esophagus [3], bladder [4], 
and endothelia of arteries [5] and airways [6]. OCT is being 
applied to laryngeal imaging [7, 8] for cancer detection [9] as well 
as for vocal fold imaging [10, 11]. More recently, OCT has been 
used to study the evolution of the lamina propria on porcine speci-
mens [12], pediatric laryngectomy samples [13, 14], and in vivo 
on infants [15] and neonates [16]. OCT is also used in laryngology 
as a guiding tool to monitor femtosecond laser microsurgery [17]. 
While OCT has the potential to noninvasively image the entirety of 
the lamina propria, it currently lacks the resolution and contrast to 
visualize cellular components and identify molecular composition 
of the different areas within the vocal fold.

Another biomedical photonic imaging technique called reflec-
tance confocal microscopy (RCM) provides images with a greater 
resolution through a property named optical sectioning [18]. 
Images produced with RCM yield cellular and subcellular details of 
thick specimen without the processing steps required for histo-
pathological evaluation [19]. Video rate acquisition (tens of images 
per second) allowed RCM to be applied to ophthalmology [20] 
and dermatology [21]. The miniaturization of scanning mecha-
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nisms further allowed RCM to be performed on inner organs such 
as the colon [22] through fiber optic catheters. An implementation 
of RCM called spectrally encoded confocal microscopy, or SECM 
[23, 24], was recently used to image pediatric vocal folds in vivo 
[13]. RCM and OCT offer complementary view of the vocal fold 
as the former offers subcellular resolution of superficial layers and 
the later coarser view of deeper structures [25]. Many groups are 
therefore attempting to combine both modalities within the same 
instrument [26, 27], which would contribute to bridging the gap 
between histopathology and noninvasive imaging. The lack of 
molecular contrast, however, remains a limiting aspect of these 
new instruments.

A promising alternative to RCM is nonlinear microscopy, also 
called multiphoton microscopy [28]. This method relies on non-
linear interactions between light and biological tissues. By nonlin-
ear, we mean that the resulting effect from the interaction does not 
scale linearly with the light field amplitude. Nonlinear interactions 
depend on the square, the cube, or even higher powers of the laser 
irradiance (i.e., the laser power per surface unit). Every tissue is 
capable of producing some sort of nonlinear interaction—the non- 
linearity is becoming significant only when light irradiance reaches 
tens or hundreds of MW/cm2. This explains why even if these 
effects were predicted theoretically in the beginning of the twenti-
eth century, no experimental verification was performed before the 
discovery of lasers in the 1960s.

In this chapter, we will describe how nonlinear interaction 
between light and molecules can be utilized to obtain selective 
intrinsic contrast for macromolecules, such as elastin and collagen, 
without using exogenous dyes. A large field-of-view (FOV) non-
linear microscope was built to allow multimodal vocal fold imag-
ing. This allows for visualization of one-to-one comparison 
between nonlinear microscopy images and histology as a step 
toward integrating this new technique into clinical laryngology 
practice. While most nonlinear microscopes are still tabletop instru-
ments, research involving specialized optical fibers and microscan-
ning mechanisms very recently allowed nonlinear imaging to be 
performed through small endoscopic probes [29–31]. In vivo 
imaging with nonlinear fiberscope was mostly applied to brain 
imaging [31]. Similar instruments could be developed for laryn-
gology to noninvasively assess the molecular composition of vocal 
fold structures. The potential of nonlinear microscopy for laryn-
geal imaging was explored ex vivo [32, 33]. Nonlinear microscopy 
images of laryngeal tissues were also investigated as a guiding 
mechanism for laser therapy [34].
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 Origins of Nonlinear Interactions

The main nonlinear effects exploited in nonlinear microscopy 
are two-photon excitation fluorescence (2PEF) and second har-
monic generation (SHG). The following chapters describe the 
physical principles involved in nonlinear interaction between 
light and matter.

 Two-Photon Excitation Fluorescence

Figure 1 illustrates a first type of nonlinear interaction based on the 
absorption of two photons by a molecule. This process may lead to 
emission of a single fluorescent photon at a different wavelength 
and is called two-photon excitation fluorescence (2PEF). Linear, 
one-photon absorption is the contrast mechanism typically used 
for immunohistochemistry using fluorescent dyes. For linear 
absorption to occur, the energy of the incoming photon must 
equal the molecule’s transition energy from ground state to excited 
state. Similarly, for nonlinear, two-photon absorption to occur, the 
sum of the two photons’ energies has to equal the molecule’s tran-
sition energy. This is a two-step process in which a first interaction 
with a first photon changes a molecule from its ground state to a 
virtual state. When in a virtual state and for a very short time, the 
molecule can absorb another photon. This second intake of energy 
will change the molecule in a final state. Virtual states have a very 
short lifetime, in the femtosecond (10−15 s) range. Therefore, 
absorption of a second photon has to take place during the lifetime 
of the virtual state. The photon flux must therefore be strong 
enough for two photons to interact with the molecule within this 
femtosecond timeframe. A detailed explanation of this phenome-
non using quantum optics can be found here [35].

Most fluorescent particles have very small nonlinear cross- 
sections—2PEF is thus only significant when excitation fields reach 
hundreds of MW/cm2. To obtain this high irradiance, the excita-
tion laser must be confined in space—using a very high numerical 
aperture (NA) microscope objective—and in time—using a pulsed 
laser.

2PEF can excite traditional fluorescent dyes, such as fluores-
cein. This molecule, which is usually excited at λ1 490PEF nm=  for 
1PEF, can be excited under 2PEF at roughly twice the wavelength, 
or λ2 980PEF nm= .1 In both circumstances, the emitted fluores-
cence light will be green light, as shown in Fig. 1, with a peak at 

1
 The optimal 2PEF excitation wavelength is typically broader allowing for 

excitation wavelengths to range from 700 to 1000 nm. This effect is due to 
the difference in allowed transition between sublevels of the ground and 
excited states when excited with one or two photons.

Nonlinear Microscopy of the Vocal Folds
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520 nm and approximately the same spectrum. In contrast with 
1PEF, 2PEF only excites molecules present at the focus of the 
microscope objective where the laser irradiance is sufficient for the 
nonlinear transition to occur. Selective contrast for naturally pres-
ent fluorescent molecules—such as elastin—is obtained by spec-
trally filtering light coming back from the sample.

 Second Harmonic Generation

A second type of nonlinear interaction is a scattering process called 
second harmonic generation (SHG). Figure 2 is a schematic of 
SHG (blue wave) produced with a laser at twice the wavelength. 
When light shines on any material, including biological tissues, its 
electromagnetic field will interact with electron clouds within mol-

Fig. 1 One-photon (left ) and two-photon (right ) excitation fluorescence, or 1PEF and 2PEF, respectively, of a 
cuvette filled with fluorescein. The 1PEF excitation using a blue laser λ1 488PEF nm=( ) creates an hourglass 
shape of green fluorescence, while the 2PEF excitation using a near-infrared laser λ2 800PEF nm=( )  yields 
very localized fluorescence, at the focus of the microscope objective. This interaction requires the quasi- 
simultaneous absorption of two photons by the molecule
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ecules. The oscillating light field will distort the electron clouds 
present in the material. This induced motion of electron clouds 
will in turn create oscillating dipoles that will radiate like antennas. 
When the excitation field is weak, the electromagnetic field origi-
nating from these antennas has rigorously the same wavelength as 
the excitation field. This phenomenon is called scattering and is the 
basis for linear imaging techniques such as OCT and RCM. When 
the excitation field becomes stronger, however, the radiated wave-
form is a distorted copy of the excitation waveform. This distortion 
creates harmonics—the same way an acoustic waveform played too 
loud on a speaker produces a distorted copy of the acoustic wave in 
which harmonic frequencies appear.

Contrary to fluorescence, second harmonic generation is a 
coherent process, which means that the electric field radiated by 
different molecules will interfere. Additionally, second harmonic 
generation can only occur in materials that do not possess a central 
symmetry. SHG thus cannot happen in liquids (except for ordered 

Fig. 2 Generation of second harmonic signal from a non centro-symmetric molecule. Molecules such as col-
lagen, when illuminated under the right conditions, have the property to convert two photons of a given energy 
into one photon having exactly twice that energy (which corresponds to half the wavelength). This interaction 
involves scattering of photons through virtual states of the molecule

Nonlinear Microscopy of the Vocal Folds
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liquids). In fact, in biology, SHG is only observed for highly 
ordered structures in which many molecules are aligned and all 
interfere constructively. Such organization is found in collagen 
molecules arranged in collagen fibers, microtubules in axons, and 
myosin in muscles.

SHG too requires high irradiance, which is provided by pulsed 
lasers confined at the focal point of a high NA microscope objec-
tive. Intrinsic optical sectioning as well as selective contrast for 
organized structures will therefore also be characteristic of laser 
scanning nonlinear microscopes exploiting SHG.

 Implementation of a Laser-Scanning Nonlinear Microscope

Nonlinear microscopy is typically implemented as a laser-scanning 
microscope in a manner similar to RCM. However, due to the 
nature of the interactions, there are some differences which must 
be taken into account. This section will describe the key compo-
nents required to obtaining high-resolution imaging with nonlin-
ear microscopy.

 Optical Sectioning

2PEF and SHG signals depend on the square of the excitation 
irradiance. This differs from conventional one-photon absorption 
fluorescence signal, which is proportional to the excitation irradi-
ance. This property of nonlinear signals has a huge effect; it creates 
an intrinsic optical sectioning in nonlinear microscopy that can be 
seen in Fig. 1. In linear RCM, optical sectioning is obtained by 
adding a spatial filter (or pinhole) in front of the detector, which 
rejects out of focus light. In 2PEF or SHG, the nonlinear signal is 
confined to the focal volume, the only point where laser irradiance 
is high enough to produce nonlinear interactions. The signal gen-
eration in 2PEF is restricted to a small volume. Nonlinear micros-
copy is a 3D imaging technique allowing precise control over 
energy deposition in the sample.

 Resolution and Penetration Depth

The resolution of nonlinear microscopy is similar to that of RCM, 
which is on the order of the micrometer or less. It scales with the 
excitation wavelength and is inversely proportional to the NA of 
the objective lens. For a given fluorophore, nonlinear microscopy 
has a slightly coarser resolution, as the illumination wavelength is 
twice as large. However, this comes with the advantage of greater 
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penetration depth within thick tissue. Nonlinear microscopy uses 
near-infrared laser, usually with wavelengths between 750 and 
950 nm. In this particular window, photons are less scattered and 
absorbed by biological tissues than photons at visible wavelengths. 
Therefore, excitation photons penetrate deeper in the tissue. 
Moreover, because nonlinear effects generate signal only where the 
laser irradiance is high, excitation photons that are scattered away 
from the focal point will not produce fluorescence, thus efficiently 
reducing the background noise in nonlinear microscopy images. 
Actual penetration depths are highly tissue dependent; in brain, 
nonlinear microscopy can image about 1 mm deep.

 Pulsed Lasers

Spatial confinement of light enhances 2PEF. Another way to 
increase 2PEF signal without increasing linear absorption is to 
confine the laser energy in pulses instead of using continuous wave 
lasers. In fact, it is only after the development of pulsed laser that 
the first nonlinear scanning microscope was implemented by Denk 
et al. [36] in 1990. Femtosecond lasers used in nonlinear micros-
copy are traditionally Titanium:Sapphire lasers [37]. These lasers 
have pulse duration varying between just a few femtoseconds and 
hundreds of femtoseconds with repetition rate traditionally close 
to 80 MHz. Their emission wavelength can be tuned between 750 
and 1050 nm and are now integrated into commercially available 
nonlinear microscopes. Using pulsed lasers, nonlinear microscopy 
has become an essential tool in neurobiology [38] as well as in 
oncology [39], in immunology [40], and in developmental biol-
ogy laboratories [41].

 Large FOV Laser-Scanning Nonlinear Microscope

Figure 3 shows a schematic diagram of the large FOV laser- 
scanning nonlinear microscope developed for vocal fold imaging. 
Light from a femtosecond Ti–Sapphire laser (shown in red) is 
scanned onto the sample with a set of two galvanometer-mounted 
mirrors producing small 512 × 512 pixel images. The sample is further 
mounted on motorized translation stages to allow large areas 
(mm × mm) of tissues to be imaged at once. Illumination is per-
formed through a 40×, 0.8NA water immersion microscope objec-
tive. Detection for 2PEF, SHG, and RCM images is performed 
with two filter-equipped PMTs and one avalanche photodiode, 
respectively. Acquisition and display is performed through a cus-
tom software described in greater details in [33].

Nonlinear Microscopy of the Vocal Folds
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 Nonlinear Contrast for Vocal Fold Imaging

Figure 4 shows a section of swine vocal fold imaged using three 
modalities—RCM, SHG, and 2PEF, simultaneously. The RCM 
image shows a bright epithelium with brighter nuclei along with a 
heterogeneous lamina propria, returning overall a lower signal 
than the epithelium. On the SHG image, however, the epithelium 
appears to be missing, while signal-rich areas are present in the 
lamina propria. Finally, under 2PEF, a bright epithelium is clearly 
visible, but this time, the nuclei are dark—which corresponds to a 
signal poor region. The lamina propria exhibits a strong signal, 
but the image pattern is completely different than that from the 
RCM and SHG images. In this section, we try to provide a pre-
liminary explanation for obtaining contrasting images without 
exogenous staining.

Fig. 3 Schematic diagram of the large FOV nonlinear microscope using a Ti–Sapphire laser for simultaneous 
excitation of 2PEF, SHG, and RCM

Mathias Strupler et al.
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Fig. 4 Images of an unstained swine vocal fold section acquired using confocal microscopy (RCM), SHG, and 
2PEF. “A” points at a nucleus within the epithelium

Nonlinear Microscopy of the Vocal Folds
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 Elastin and 2PEF

Elastin is the main component of elastic fiber and therefore plays a 
prime role in vertebrate tissue elastic properties [42, 43]. Its distri-
bution and 3D organization is of crucial importance to understand 
vocal cord properties [44, 45]. As elastin is a fluorescent protein, it 
can be observed with 2PEF microscopy without staining or prepa-
ration. Elastin two-photon absorption spectrum is not well charac-
terized, but its two-photon cross section seems to decrease slowly 
form 720 to 920 nm [46]. However, other studies point that 
 longer excitation wavelength, such as 860 nm, improves elastin 
imaging contrast as other intrinsic fluorophores are less exited at 
these wavelengths [47]. When excited at 800 nm, elastic fibers’ 
fluorescence exhibits two peaks: one around 400 nm, which may 
correspond to pyridinoline groups, and a stronger one at 480 nm 
that could originate from the pyridinoline aggregates [48].

The fluorescence signal from elastin molecule is proportional 
to the number of molecules. However, elastin is not the only 
endogenous fluorescent protein present in the vocal cords. 
Therefore, localizing and identifying elastin requires a spectro-
scopic analysis to separate the elastin fluorescence signal coming 
from other autofluorescent sources. Another endogenous source 
of 2PEF includes nicotinamide adenine dinucleotide phosphate 
[NAD(P)H] and flavoproteins [49, 50].

 Collagen and SHG

Collagen is the most abundant protein in mammals and is mainly 
found in the extracellular matrix. In fact, it consists of a family of 
more than 23 proteins having in common that they assemble to 
form triple helices. Type-I collagen, after its secretion by the cell, 
self-assembles into large fibers. These fibers have extremely high 
tensile strength and provide structural support to the surrounding 
tissue, hence their importance in the function of vocal cords. Some 
collagens do not form fibrils. For example, type-IV collagen assem-
bles into sheets to create basal lamina layers.

As explained before, SHG is only efficient in highly ordered 
structures. There are just a handful of endogenous structures that 
generate second harmonic in mammals: collagen fibers, myosin in 
muscle fibers, and microtubules in axons or when they are aligned 
during cell mitosis. Therefore, in the lamina propria, SHG 
arises mostly from collagen. Moreover, only collagen molecules 
 organized in fibers generate SHG, because only then are collagen 
molecules aligned in the same direction. Collagen IV does not 
generate SHG due to its sheet structure [51, 52]. Recently, it was 
shown that the origin of the strong SHG signal in collagen fibers 
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comes from the coherent amplification of the signal generated by 
all the individual peptide bonds that are tightly packed and aligned 
in collagen fibers [53].

This makes SHG a very efficient imaging technique for fibrillar 
collagen with very little background noise and even allows the 
imaging of individual fibers during their formation [54]. 
Additionally, because SHG microscopy does not require any sam-
ple preparation and can image thick samples, this technique is par-
ticularly useful to assess the 3D organization of collagen fibers of 
intact tissues.

However, because SHG is a coherent process, signal strength 
depends on the actual molecular arrangement of collagen fibers 
and is proportional to the square of the number of molecules 
 present in the focal volume. Therefore, it is very difficult to link 
second harmonic signal strength to a collagen concentration. SHG 
microscopy is a very sensitive technique to measure fibrotic 
 pathology stages [55, 56]. The sensitivity of SHG to collagen fiber 
organization was also successfully used to assess extracellular matrix 
alteration due to cancer [57–59]. Other applications of SHG 
microscopy of collagen are found in corneal [60–62], musculoskel-
etal [63, 64], arterial [47, 65, 66], and skin [67–70] studies.

 Nonlinear Microscopy of Vocal Fold

Combining various linear (RCM) and nonlinear (2PEF and SHG) 
effects into a single instrument allows looking at samples from dif-
ferent perspectives, in a manner analogous to using different dyes 
in histopathological analysis. The key in harnessing this endoge-
nous contrast is to perform one-to-one comparison of nonlinear 
images with the diagnostic gold standard—histopathology. The 
task is a large one given the exquisite resolution of nonlinear 
microscopy. In order to facilitate this comparison, successive sec-
tions of vocal folds were cut: some were left unstained for observa-
tion under the large FOV nonlinear microscope and other for 
conventional staining and observation under white light micros-
copy. Ink marks were placed with a needle at the edges of the sam-
ples as fiducial markers between modalities. Figure 5 compares 
images acquired with the large FOV nonlinear microscope and an 
H&E stained white light microscopy slide of the same swine vocal 
fold sample. A composite image created by applying false colors to 
the RCM (blue), SHG (green), and 2PEF (red) channels high-
lights the different structures of the vocal fold. In the epithelium 
(E), endogenous fluorophores present in the cytoplasm result in a 
moderate 2PEF signal, while nuclei appear as dark structures, 
which are in contrast very bright in RCM due to their strong scat-
tering properties. The epithelium is completely absent from the 
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Fig. 5 A section of swine vocal fold imaged confocal microscopy (RCM), SHG, TPEF, and wide field microscopy 
using hematoxylin and eosin (H&E) staining. A false color composite image was created using confocal (blue), 
SHG (green), and 2PEF (red) signals. The arrow points at the epithelium (E). The entire lamina propria (LP) is 
imaged down to the muscle layer (M). A needle dipped in India ink was used to create a fiducial marker (FM)
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SHG image due to the lack of collagen or other fibrillar structures. 
At the bottom of the image, the vocalis muscle produces very 
strong 2PEF signal. In the lamina propria (LP), SHG—from 
 collagen—and 2PEF—from elastin and other endogenous fluoro-
phores—signals are present with intensities varying with depth. 
The blue signal around the fiducial marker (FM) on the composite 
image corresponds to a strong RCM signal scattering from the 
India ink mark.

Figure 6 shows nonlinear microscopy images of a cadaveric 
adult vocal fold section under SHG (green), 2PEF (red), and a 
linear combination of both (Composite) compared to an H&E 
stained histology section. The large FOV nonlinear microscope 
allowed imaging of a 13 × 5.5 mm region through an automated 
mosaicking process. The muscle layer (M) is predominantly red 
from 2PEF signal from endogenous fluorophores such as NAD(P)
H [48]. SHG-rich collagenous structures are seen around the 
muscle fibers. The lamina propria (LP) alternates between SHG- 
and 2PEF-rich areas, consistent with varying elastin and collagen 
concentrations. A zoom-in of the LP region shows an artery in 
both the SHG and 2PEF images, with strong 2PEF signal within 
its wall and a strong SHG signal in its outward layer, consistent 
with the typical elastin and collagen distribution within arterial 
walls. A large seromucous gland (G) can be seen in the LP. No 
epithelium was observed on this sample, which could be the result 
of a prolonged intubation. Arrows point at the India ink needle 
entry point.

 Conclusion

Nonlinear microscopy is becoming one of the most important 
tools available to life sciences. This powerful three-dimensional 
technique allows exploration of living organism toward a better 
understanding of biological processes. The noninvasive nature of 
nonlinear microscopy, its ability to image deeper into thick tissue 
along with its submicron resolution, and intrinsic contrast are 
undeniable assets for the study of vocal folds. The possibility of 
imaging microstructures (cells and nuclei) as well as macromole-
cules (such as elastin and collagen) without affecting the integrity 
of the organ paves the way for a better understanding of vocal 
folds’ normal and pathological conditions. As miniaturization of 
probes evolves there is no doubt that nonlinear microscopy, either 
in its current tabletop system or as an endoscope, will become a 
useful tool in laryngology, along with other biomedical optic imag-
ing modalities such as reflectance confocal microscopy and optical 
coherence tomography.

Nonlinear Microscopy of the Vocal Folds
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Fig. 6 Nonlinear image (SHG—green, 2PEF—red, and Composite) of a human vocal fold unstained section 
compared with H&E stained histology section. Arrow fiducial marker, LP lamina propria, M vocalis muscle,  
G seromucous gland. Scale bar: 1 mm
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Chapter 32

Optical Coherence Tomography

Joseph Jing and Zhongping Chen

 Introduction

Optical coherence tomography (OCT) is an optical imaging 
modality that is rapidly gaining adoption for clinical applications. 
OCT takes advantage of the short coherence length of broadband 
light sources to perform micrometer scale, cross-sectional imaging 
of biological tissue [1–3]. OCT was first used clinically in ophthal-
mology but has since expanded to the fields of cardiology, gastro-
enterology, urology, and otolaryngology [4]. OCT is analogous to 
ultrasound B-mode imaging except that it uses light rather than 
sound to achieve axial resolutions of 1–15 μm. The high spatial 
resolution of OCT enables noninvasive in situ “optical biopsy” and 
provides immediate and localized diagnostic information to better 
aid physicians in the diagnosis and treatment of diseases. Functional 
extensions have also been developed to further add physiological 
contrast to OCT imaging. Doppler OCT (D-OCT) combines the 
Doppler principle with OCT to obtain high-resolution tomo-
graphic images and calculate the velocity of moving constituents. 
Optical coherence elastography utilizes an applied external force to 
measure the mechanical properties of tissue. In this chapter, 
we will review the principles behind OCT and discuss the innova-
tions in OCT that have dramatically increased imaging speeds and 
sensitivity. Functional extensions to OCT will then be described. 
Lastly, a few recent applications of OCT imaging in otolaryngology 
will be highlighted.
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 Principles Behind OCT

OCT utilizes coherent gating to discriminate single scattered 
photons from multiple scattered photons. OCT is based on a 
Michelson interferometer with a broadband light source (Fig. 1). 
Light from a source is split into a reference path and a sample path. 
The reference path light, after reflecting from the reference mirror, 
interferes with the backscattered light from the sample, and an 
interference pattern or fringe is formed and detected by a photo-
detector. If a highly coherent source such as a monochromatic 
light source is used, then interference will be present over a large 
range of reference and sample path length differences (Fig. 2a). 
However, if a low-coherence source such as a broadband light 
source is used, then an interference pattern is only observed when 
the reference and sample path lengths are matched to within the 
coherence length of the source (Fig. 2b). By scanning or changing 
the reference arm path length and recording the subsequent inter-
ference fringe intensity, a map of scattering particles can be formed 
as an A-scan. OCT designs that incorporate this type of depth 
scanning are known as time-domain (TD) systems. Translating the 
probing sample beam laterally across the sample to acquire multi-
ple A-scans creates an image or B-scan. Therefore, the axial resolu-
tion of an OCT system is directly determined by the coherence 

Time- Domain OCT

Fig. 1 Schematic of OCT system consists of a free space Michelson interferometer with a partially coherent 
light source
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length of the light source calculated by Eq. (1), where λ0 and Δλ 
are the center wavelength and bandwidth of the source, respec-
tively. The lateral resolution is decoupled from the axial resolution 
and is determined by the numerical aperture of the objective lens 
used to focus the light and the beam diameter incident on the 
objective.

 
L cc

c= =
τ

π
λ
λ2

2 2 0
2ln

∆  
(1)

To illustrate the coherence gating of the broadband light source, 
we consider the interference fringe generated in the Michelson 
interferometer with a broadband light source. Let us denote U(t) 
as a complex-valued analytical signal of a stochastic process repre-
senting the field amplitude emitted by a low-coherent light source 
and Ū(ν) as the corresponding spectral amplitude at optical fre-
quency ν. The amplitude of a partially coherent light source cou-
pled into the interferometer at time t can be written as a harmonic 
superposition:

 
U t U dt( ) ( )= ∫

∞

0
2ν νπ νe i

 
(2)

Because the stochastic process of a partially coherent light source is 
stationary, cross-spectral density of Ū(ν) satisfies

 〈 〉 = −′ ′U U S* ( ) ( ) ( ) ( )ν ν ν δ ν νo  (3)

where So(ν) is the source power spectral density and δ(n) is the 
Dirac delta function. Assuming that light couples equally into 
the reference arm and sample arm with spectral amplitude of Ū0(ν), 

Fig. 2 Fringe (bottom) formed from interference of waves (top) with single wavelength (left) and multiple 
wavelengths (right). ΔL is the difference in path length between reference and sample arms
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the light coupled back to the detectors from the reference, Ūr(ν), 
and sample, Ūs(ν), is given by Eqs. (3) and (4), respectively:

 U K UL L c
r

i
r

ie er d r( ) ( )( )/ν νπ ν α= +2 2
0  (4)

 U K UL L c
s

i
s

ie es d s( ) ( )( )/ν νπ ν α= +2 2
0  (5)

where Lr and Ls are the optical path lengths from the beam splitter 
to the reference mirror and sample, respectively, Ld is the optical 
path length from the beam splitter to the detector, and K i

r e r( ) ( )ν α ν  
and K i

s e s( ) ( )ν α ν  are the amplitude reflection coefficients of light 
backscattered from the reference mirror and turbid sample, 
respectively.

If we translate the reference mirror to change the time delay 
(τ) between light in the reference and sample paths, the total power 
detected at the interferometer output is given by a time average of 
the squared light amplitude:

 I U t U td s r= 〈 + 〉| ( ) ( ) | .2

 (6)

Combining harmonic expansions for Us(t) and Ur(t) and applying 
Eq. (2) when computing a time average, the total power detected 
is a sum of three terms representing reference (Ir), sample (Is), and 
the interference fringe intensity (ΓOCT(ν)),

 I I Id r s OCT= + + Γ ( ),τ  (7)

where explicit expressions for each term are

 
I S K dr o r= ∫

∞

0
2( ) | ( ) |ν ν ν

 
(8)
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∞

0
2( ) | ( ) |ν ν ν

 
(9)

 
ΓOCT o r s s r( ) ( ) ( ) ( )cos[ ( ) ( )] ,τ ν ν ν πντ α ν α ν ν= + −∫

∞

0

2 2S K K d
 
(10)

where τ is the time delay determined by the optical path length 
difference between light traveled in the sample and reference arms:

 
τ = −

2

c
L L( ).s r

 
(11)

In the case where Ks, Kr, αs, and αr are spectrally independent 
over the source spectrum, the interference fringe term ΓOCT(τ) is 
simplified to

 
ΓOCT r s o( ) ( )cos[ ] .τ ν πντ ν= ∫

∞

2 2
0

K K S d
 

(12)
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Since the introduction of OCT in the 1990s, OCT has evolved 
from early time domain to Fourier domain systems. In a time- 
domain OCT system, the source is typically a superluminescent 
diode (SLD), and the photodetector is a single element photovol-
taic detector. Depth in the sample is probed sequentially by rapidly 
changing the reference path length either by translating the refer-
ence mirror or through the use of a rapid-scanning optical delay 
(RSOD) line. The data processing consists of detecting the enve-
lope of the detected fringe pattern corresponding to interference. 
In Fourier-domain OCT (FD-OCT), the reference arm is kept sta-
tionary, and the interference spectrum is measured as a function of 
frequency or wavelength which allows for simultaneous measure-
ment of backscattered photons from all depths. Therefore, the 
OCT signal can be written as a superposition of fields generated 
from different path length delays:

 
ΓOCT r s o∝∑

n
n n nK K S v v, , ( ) cos[ ].2π τ

 
(13)

Note the differences between Eqs. (12) and (13). In TD-OCT, 
the photodiode detects the contributions of all frequencies, while 
in FD-OCT, each frequency fringe is detected separately and the 
resulting fringe signal is a summation of these individual fringes. 
From Eq. (13), it is also evident that there exists a Fourier trans-
form relationship between the OCT backscatter location and the 
fringe spectrum:

 Γ ΓOCT OCT( ) { ( )}z v= − 1

 (14)

where z is the path length difference between reference and sample 
arms. The Fourier transform of a real signal is conjugate symmetric 
which results in mirror terms. Removal of these mirror terms typi-
cally involves ensuring that the zero path length delay between the 
reference arm and sample arm is outside of the sample. Various 
schemes including incorporating acousto-optic modulators, 
electro- optic modulators, and complex 3 × 3 couplers have been 
developed to remove the complex mirror artifact.

FD-OCT has been implemented in two different schemes: a 
spectrometer-based design [5, 6] displayed in Fig 3a and a swept 
laser source-based design [7, 8] shown in Fig 3b. Both methods 
share similar sensitivity and speed benefits as compared to tradi-
tional time-domain-based OCT systems. In a spectrometer-based 
OCT system, the photodetector in Fig. 1 is replaced with a spec-
trometer and a line scan camera, and the reference arm is replaced 
with a static mirror. The interference fringe is passed through the 
spectrometer which spatially disperses the different wavelengths of 
light onto different pixels of the line scan camera. In a swept laser 
source-based OCT system, a wavelength swept laser is used as the 
light source, and the interference pattern is detected by a 

Fourier-Domain OCT

Optical Coherence Tomography



534

photodetector as a function of time in order to separate the 
spectral information. The development of high-speed line scan 
cameras and high-speed swept source lasers has led to 2–3 orders 
of magnitude increase in imaging speed. At the same time, 
FD-OCT systems have been shown to have significantly improved 
signal-to-noise ratios (SNR) as compared to TD-OCT systems.

Doppler OCT (D-OCT) combines the Doppler principle with 
OCT to obtain high-resolution tomographic images of static and 
moving constituents simultaneously in highly scattering biological 
tissues [9, 10]. When backscattered light from a moving particle 
interferes with the reference beam, a Doppler frequency shift 
occurs in the resulting interference fringe. The first two- dimensional 
measurement of this frequency shift was first reported in 1997 [9, 
10]. These early approaches used a spectrogram method either via 
a short-time fast Fourier transformation (STFFT) or wavelet trans-
formation to determine the power spectrum of the measured fringe 
signal. Although spectrogram methods allow for simultaneous 
imaging of in vivo tissue structure and flow velocity, velocity sensi-
tivity is directly coupled with both spatial resolution and imaging 
speed; increased velocity sensitivity requires a larger time window 
which decreases both spatial resolution and imaging speed.

Phase-resolved D-OCT was developed to overcome these limi-
tations [11]. This method uses the phase change between sequen-
tial A-line scans for velocity image reconstruction. Phase-resolved 
D-OCT decouples spatial resolution and velocity sensitivity in flow 
images and increases imaging speed by more than two orders of 
magnitude. The significant increase in scanning speed and velocity 
sensitivity makes it possible to image in vivo tissue microcirculation 
in human skin [11–13]. Combining the high-speed and high- 
sensitivity FD-OCT with the phase-resolved method has been 
demonstrated by a number of groups [14–16]. The dynamic range 
of phase-resolved D-OCT depends on the speed of the line scans; 
therefore, FD Doppler OCT has an advantage over time-domain 
methods in terms of both imaging speed and dynamic range.

In phase-resolved D-OCT, the Doppler frequency shift Δf is 
obtained by measuring the phase difference between sequential 

 Doppler OCT

Fig. 3 Schematic of spectrometer-based OCT system (a) and swept source OCT system (b)
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A-scans. The phase information of the fringe signal can be deter-
mined from the complex analytical signal Aj,z, where Aj,z is the 
complex OCT signal at the jth A-scan and a depth of z. The 
Doppler frequency shift Δf can be expressed as
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∆

∆
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where ΔT is the time difference between jth A-scan and (j+1)th 
A-scan. In a time-domain D-OCT system, the complex analytical 
signal Aj,z is determined through analytical continuation of the 
measured interference fringes function by use of a Hilbert transfor-
mation. In Fourier-domain ODT systems, the complex signal Aj,z 
is directly obtained through the Fourier transformation of the 
acquired interference fringe. Velocity can be calculated as

 
∆f

v
=

⋅2

0
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(16)

where θ is the angle between the incident light and the velocity 
direction and λ0 is the center wavelength of the light source.

Alternatively, the phase change can also be calculated by cross- 
correlation [11]. In addition, averaging can improve the signal-to- 
noise ratio [11, 17]. Averaging could be performed in both lateral 
and depth directions and Eq. (15) becomes 
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where J is the number of A-lines that are averaged, and N is the 
number of depth points that are averaged. The choice of J and N 
is dependent on application. Generally, a larger J and N will increase 
SNR, however, will also increase the computation time and decrease 
resolution.

Figures 4a–d are OCT structure images of the flow phantom 
pumped at 20 μl/min, 40 μl/min, 60 μl/min, and 80 μl/min, 
respectively. Figures 4e–h are phase-resolved D-OCT images of 
the flow phantom pumped at 20 μl/min, 40 μl/min, 60 μl/min, 
and 80 μl/min, respectively. It should be noted that the phase is 
wrapped in Fig. 4h. It can be clearly seen from the D-OCT images 
that the Doppler frequency shift increases with increasing pumping 
speed.

In addition to the Doppler shift, Doppler variance can also be 
used to map flow. Doppler variance has the benefit of being less 
sensitive to the pulsatile nature of blood flow and the incidence 
angle which allows for better discrimination of transverse flow 
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velocity. If σ denotes the standard deviation of the Doppler 
spectrum, the Doppler variance σ2 can be obtained [12]:
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where f  is the Doppler frequency and P(f) is the power spectrum 
of the Doppler frequency shift. Using the autocorrelation theory, 
the variance can be expressed as
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where Aj,z* is the complex conjugate of Aj,z, J is the number of 
A-lines that are averaged, and N is the number of depth points that 
are averaged.

Recently, another approach has been applied to calculate 
Doppler variance [18]. The variance acquired via Eq. (19) relies on 
the summation of multiple correlation calculations across either 
time or space and is thus dependent on both the amplitude and 
phase terms of the complex OCT data. This approach shows excel-
lent results when the phase stability of the system is high; however, 
in a phase instable situation, the calculated variance will be greatly 
skewed by the abrupt change in phase terms. Eq. (19) can be mod-
ified slightly to remove this phase dependence and solely rely on 
the intensity values of the correlation data as shown in Eq. (20).

Fig. 4 (a), (b), (c), and (d) are OCT structure images of the flow phantom pumped at, respectively, 20 μl/min, 
40 μl/min, 60 μl/min, and 80 μl/min; (e), (f), (g), and (h) are D-OCT images of the flow phantom pumped at, 
respectively, 20 μl/min, 40 μl/min, 60 μl/min, and 80 μl/min. Scale bar, 500 μm
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Figure 5 shows a representative maximum intensity projection 
D-OCT image of vasculature from the cerebral cortex of a mouse 
and rat. These images were acquired utilizing a swept source 
FD-OCT system, taking advantage of the higher sensitivity to 
allow visualization of the smaller microvasculature in addition to 
the larger vessels.

Mechanical properties can be important indicators of tissue health 
such as in cancer where tumors typically have a significantly differ-
ent stiffness than surrounding tissue. Elastography has been uti-
lized in the study of laryngeal cancer and has shown to be a valuable 
tool for improving classification of malignancy [19–21]. Optical 
coherence elastography (OCE) is a functional extension of OCT in 
which a mechanical map of tissue stiffness can be determined. An 
external force or load is applied to a sample in order to create a 
mechanical deformation. The resulting displacement caused by the 
load is quantified by OCT measurements, and by relating the dis-
placement with the known deformation force, various properties 
such as strain, stiffness, and Young’s modulus can be calculated. 
The earliest demonstration of OCT utilized a piezoelectric actuator 
to physically compress a sample and quantified the deformation via 
cross-correlation of sequential OCT images [22].

Optical Coherence 
Elastography

Fig. 5 D-OCT imaging of microvasculature. (a) Microvasculature of mouse cerebral cortex. (b) Microvasculature 
of rat cerebral cortex. Scale bar, 1 mm
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Recently, a phase-resolved acoustic radiation force optical 
coherence elastography (PR-ARF-OCE) method was developed to 
evaluate the elastic properties of tissue [23]. This method utilizes a 
chirped acoustic radiation force to produce excitation along the 
sample’s axial direction and phase-resolved D-OCT to measure the 
vibration of the sample. ARF-OCE has the advantage of combin-
ing a high-repetition excitation force with the high-sensitivity dis-
placement detection of phase-resolved D-OCT. Figure 6 shows 
the ex vivo 3D images of an atherosclerotic human coronary artery 
obtained with the phase-resolved ARF-OCE. The OCT intensity 
image, shown in Fig. 6a, provides a general morphological view of 
the tissue, but provides no obvious evidence of the presence of 
atherosclerosis. The ARF-OCE image in Fig. 6b shows a strong 
vibration phase contrast between the normal and plaque regions. 
The red-colored region indicated by the blue arrow in the 
ARF- OCE image is characterized by smaller phase changes which 
correspond to smaller vibration amplitudes and therefore represent 
stiffer tissue. The stronger vibration regions representing softer tis-
sue (dark area) are indicated by yellow arrows. The transition 
between plaque and normal regions appears orange in color (indicated 
by the red arrow) and is characterized by intermediate elasticity 
which corresponds with the histology image in Fig 6c.

 OCT Imaging in Otolaryngology

OCT has been successfully utilized in a variety of medical fields 
including cardiology, gastroenterology, and, most prominently, 
ophthalmology. While OCT has been utilized in otolaryngology in 
the past, the recent development of novel high-speed light sources 
in addition to improved light delivery schemes has created a 
renewed interest in using OCT to study various clinical disorders.

Fig. 6 (a) OCT structural. (b) ARF-OCE phase images of a human cadaver coronary artery under 500-Hz, 350- 
mV AM modulated excitation; an atherosclerotic lesion was identified as the red region corresponding to the 
blue box in (c). (c) The histological image. (d) The close-up view of the atherosclerotic lesion. Scale bar, 1 mm
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Flexible fiber optic imaging probes have been developed for a 
wide range of uses in the study of internal tissues and organs which 
would be otherwise unreachable. Scanning of the tissue can be 
achieved through various approaches including proximal rotation 
of the probe, utilization of a distal rotational motor, or via a com-
plex piezoelectric scan pattern. Figure 7 shows a representative 
example of a proximal rotation OCT probe with an outer diameter 
of 1.47 mm. A single-mode optical fiber couples light from an 
external source to a gradient index (GRIN) lens and an angled rod 
mirror to focus the OCT beam out radially. The focal length of the 
probe is controlled by adjusting the length of a spacer in between 
the GRIN lens and the optical fiber. A stainless steel tube with a 
window is utilized to house the lens and mirror elements, while a 
hollow torque coil provides durability and protection for the entire 
length of optical fiber. Radial scanning is achieved by rotating the 
entire probe body via an external rotational motor coupled to a 
fiber optic rotary joint. During imaging, sterility is maintained by 
inserting the entire OCT probe into a sealed-off protective sheath, 
typically made from some form of transparent plastic polymer.

Utilizing OCT to image tissue morphology in the airway is a 
growing field of interest. Obstruction in the upper airway can 
often cause reductions in breathing or gas exchange efficiency and 
lead sleep disorders. Traditional imaging diagnosis has been accom-
plished using computed tomography (CT) and magnetic reso-
nance imaging (MRI). However, both CT and MRI have drawbacks 
that preclude their expansive use in obstructive airway diagnosis 
such as ionizing radiation, procedure cost, and ease of access to 
equipment. Early OCT studies of the airway utilizing fiber scan-
ning probes successfully imaged lumens with diameters of up to 
30–40 mm by utilizing TD-OCT setups with long reference scans 
which limited their frames rates to 1–5 Hz [24, 25]. Ridgway et al. 

Fig. 7 A photograph of and the schematic of OCT imaging probe tip. This probe features an angle cut gradient 
index (GRIN) lens and a rod mirror both 1 mm in diameter, secured in a 7-mm-long stainless steel metal hous-
ing that is soldered to the stainless torque coil for protection of the optical components. A single-mode SMF-28 
fiber inside the torque coil is used to carry the laser beam, and the length of spacer determines the working 
distance of the probe. The maximum diameter of the imaging probe is 1.47 mm
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have reported on utilizing OCT to characterize subsurface tissue 
trauma in the subglottis of neonatal patients requiring prolonged 
endotracheal intubation [26]. FD-OCT approaches have also been 
adopted by utilizing acousto-optic modulators (AOMs) to remove 
complex conjugate artifacts and double the achievable imaging 
range [27–29]. Imaging rates of 50 Hz utilizing a rotational probe 
have been demonstrated allowing for complete imaging of the air-
way lumen from the larynx to the nostril in 16 s [30]. Figure 8 
shows three cross-sectional slices from an adult airway acquired 
in vivo during a clinical visit. From the series of slices, a three- 
dimensional volume is created by stacking the slices along the 
translational pullback path and allows for a better visualization of 
areas of airway obstruction.

Vocal fold dynamics have been widely imaged using laryngeal 
video-stroboscopy and high-speed video cameras and linked with 
vocal fold health and pathology [31–33]. Although video- 
stroboscopy provides an excellent method to dynamically assess 
the vocal folds, only surface information of the vocal folds is 
 provided; therefore, the subsurface health of the vocal folds 
remains largely unknown. Differentiation between benign polyps 
and malignant lesions in the vocal folds can require a biopsy 
which can result in permanent damage or alternation of an indi-
vidual’s voice. The integrity of the basement membrane in the 
vocal folds has been shown to be a hallmark of laryngeal cancer. 
Various studies have utilized OCT to study the vocal folds. Yu 
et al. utilized a handheld dynamic focusing probe in combination 
with a swept source OCT system to image the tissue structure of 
vibrating human vocal cords in vivo at an imaging speed of 40 Hz 
(Fig 9) [34]. The average vibration frequency was calculated 
based on the number of complete vibration cycles per frame. Liu 
et al. later demonstrated a phase-resolved Doppler OCT approach 
to calculate the localized vocal fold velocity distribution in an 
ex vivo porcine larynx [35]. Comparison of the phase change 
between adjacent A-lines allows for the calculation of vibration 

Fig. 8 In vivo OCT images of human upper airway: BT Base of tongue, E Epiglottis, SP Soft palate, 3D rendering 
of stacked OCT images of airway from larynx to nasal cavity
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velocity in the axial or vertical direction, while the variance 
between the adjacent A-lines allows for determination of the lat-
eral or horizontal velocity (Fig. 10).

Recently, two semiconductor-based swept lasers have been 
introduced that open new possibilities for OCT imaging in otolar-
yngology. New swept vertical cavity surface-emitting lasers 
(VCSELs) utilize a tunable microelectromechanical system 
(MEMS) dielectric mirror to tune the wavelength by varying the 
cavity length of the laser. The short cavity length also ensures 
single- mode operation with a very narrow instantaneous linewidth 
which allows for a significant increase in maximum imaging range. 
Potsaid et al. have reported an imaging range of greater than 
50 mm at an imaging speed of 150 kHz with no loss of OCT sen-
sitivity over the entire range [36]. In endoscopic imaging, these 
lasers offer both the ability to increase imaging speed and image 
larger lumen diameters. Akinetic lasers utilize Vernier-tuned dis-
tributed Bragg reflectors (VT-DBRs) to selectively tune wave-
length [37]. These lasers utilize changes in current density which 
selectively changes the index of refraction or effective length of the 

Fig. 9 Vibrating vocal cord with different frequencies: (a) ~120 Hz and (b) ~200 Hz. E Epithelium, BM Basement 
Membrane. Scale bar represents 500 μm

Fig. 10 OCT images of a vibrating vocal fold with frequency of ~ 1.1 Hz. (a) B-mode OCT structure image, (b) 
B-mode color Doppler OCT image, and (c) B-mode Doppler variance OCT image. Scale bar represents 500 μm
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laser cavity as well as tunes the reflectivity of the Vernier mirrors to 
a specific wavelength. Similarly to VCSEL sources, these VT-DBR 
lasers also ensure single-mode operation and narrow instantaneous 
linewidth to achieve a large maximum imaging range. In addition, 
since these sources do not rely on mechanical tuning, they offer 
significant improvements in terms of phase stability for increased 
phase-resolved D-OCT vibration measurements.

 Summary

OCT is a rapidly developing imaging technology with many poten-
tial applications in the field of otolaryngology. OCT provides rapid 
morphological information based on inherent tissue scattering 
properties, and functional OCT methods can also provide various 
complementary physiological measurements. The high-resolution 
capabilities of OCT allow for precise quantitative measurements 
such as tissue layer thickness and displacement dynamics. 
Innovations in laser sources and probe designs will further expand 
the potential for OCT imaging in otolaryngology.
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    Chapter 33   

 Optical Coherence Tomography for the Middle 
and Inner Ear                     

     Justus     Ilgner      ,     Tino     Just       ,     Csaba     Farkas     ,     Achim     Lenenbach     , 
and     Martin     Westhofen        

      Introduction 

 With the advent of operating microscopes in the early 1950s and 
the continuous development of prosthetic materials, functional 
restoration of hearing, whenever impaired sound conduction is the 
leading phenomenon, became a reliable treatment modality in the 
hands of otologic surgeons. For diagnostic purposes, a variety of 
functional tests form the repertoire from which the diagnosis for 
the underlying disease process is made. However, in most cases the 
cause for conductive  hearing loss   can only be concluded indirectly 
from a variety of audiometric fi ndings. Direct visualization of the 
pathologic process is one need which has not yet been fully met. 
At present, magnetic resonance imaging and computed tomogra-
phy images provide resolutions in the range of 300 μm.  CT   scans 
are mostly used to detect bony abnormalities as soft tissue differen-
tiation is limited. Over recent years, Flat Panel CT, Cone Beam 
CT, and  Digital Volume Tomography   are about to increase resolu-
tion for middle and inner ear structures, but these imaging tech-
niques cannot be used with contrast agents. On the other hand, 
 MRI imaging   is undergoing a continuous evolution process with 
higher fi eld strengths, enabling soft tissue differentiation within 
middle ear structures for the detection of chronic middle ear 
infl ammation involving epithelial growth, i.e.,  cholesteatoma  . 
However,  MRI   scanners with fi eld strengths of 7.5–10 T are 
required, which are not yet available for clinical routine. 

 OCT for the middle and inner ear faces considerable  advan-
tages   as well as challenges: The tympanic  membrane      is readily 
accessible in humans, while the penetration of near infrared light 
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does not require any transduction medium as in ultrasound. 
Therefore, structures within the air-fi lled middle ear cavity are 
readily visible. The imaging process can be noninvasive, and the 
size of structures under investigation meets the range suitable for 
OCT. Imaging devices can be built in small, compact units. They 
can be coupled to existing devices, as the operating microscope or 
a handheld otoscope, and can be operated by the clinician or oper-
ating surgeon himself who can also interpret the results. OCT pro-
vides visible results in real-time, making it suitable for quality 
control, e.g., in the operating theater. The change of  refraction 
index   between air and liquid, when facing an open inner ear, e.g., 
during stapes surgery, is not an obstacle for OCT, as long as image 
distortion along the  z  axis is taken into account and, if necessary, 
corrected by image processing. On the down side, however, in- 
vivo imaging of nonanesthetized subjects can suffer from move-
ment artifacts, which can be overcome by increasing image 
acquisition rates. Imaging through an  intact    tympanic membrane   
can attenuate the signal and create artifacts, if the TM is sclerotic 
or thickened, making visualization of middle ear structures diffi cult 
or impossible. Finally, penetration depth through solid bone is lim-
ited, requiring a direct line of sight to the region of interest in most 
cases. Middle  ear ossicles   or overhanging parts of the outer ear 
canal can obstruct the scanning beam. Yet there are numerous 
approaches considering the use of OCT either as an imaging 
modality on its own or as an adjunct in functional investigations of 
the middle ear, which have the potential to widen the diagnostic 
spectrum of otologists in clinical routine over the next decades.  

    OCT in Experimental Middle and Inner Ear Imaging: Ex Vivo and In Vivo 

 Pitris and coworkers [ 1 ] were one of the fi rst to apply OCT to 
middle ear imaging in general. In an ex vivo experiment using 
four  human temporal bones   from cadavers, they employed a 
TD-OCT scanner with a probe introduced next to the outer ear 
canal, in 15 mm distance to the  closed   tympanic membrane. 
Acquisition time of one B-image took between 10 and 30 s. 
While the authors noticed shadowing effects of solid structures, 
as  middle   ear ossicles, and resolution loss by the  closed   tympanic 
membrane, they were still able to identify and label middle ear 
structures. They concluded that OCT has the advantage of using 
air, as well as fl uids/soft tissues as a transduction medium, thereby 
making it suitable for middle ear imaging in real time. Probes 
could be built compact and adapted to any kind of instrument 
used in otology. 

 Just et al. [ 2 – 4 ] specifi cally aimed to characterize the oval niche 
and the stapes footplate. In a fi rst experiment, they used an 
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 SD-OCT system   producing 1000 A-lines per second, which was 
coupled to a conventional operating microscope. First results could 
differentiate layers (bone and cartilage) within the stapes footplate. 
Furthermore, the elastic suspension of the stapes  footplate   could 
be identifi ed, although anatomical variations in some cases, as an 
overhanging facial nerve, might prevent this. Following stapes per-
foration by CO 2  laser, the outline of the vestibulum was visualized 
through the open footplate by OCT. The authors also noted that 
while working on the open vestibulum, resulting images required 
depth correction along the  z -axis, as the refraction index in an air- 
fi lled middle ear (1.0) is different from the inner ear fi lled with 
fl uids, i.e.,  perilymph   and  endolymph   (1.33). 

 Subhash and coworkers [ 5 ] proposed a system for ultra-high 
sensitive optical microangiography, which they used to visualize 
blood fl ow in the  cochlea   of mice. Their system is based on an 
SD-OCT scanner acquiring 47,000 A-scans per second, resulting 
in high-resolution B-scans at a rate of 300 frames per second. Their 
system is sensitive for fl ow velocities between 4.0 μm/s and 30 
mm/s, making it suitable for physiological blood fl ow rates down 
 to   capillary level. They were able to create 3D volumetric images 
of blood fl ow in the basal, middle, and apical turn of the  mouse 
  cochlea, depicting inner ear structures as the modiolus, stria vascu-
laris, Reissner’s membrane, and basilar membrane and visualizing 
blood fl ow in the stria vascularis in particular using the phase dif-
ference between adjacent B-scans. Resolution is suffi ciently high in 
order to subsegment different areas of  the   cochlea from three- 
dimensional reconstruction, thereby enabling the measurement of 
blood fl ow in different cochlear structures separately. 

 In another experiment by the same workgroup [ 6 ],  phase- 
sensitive SD-OCT   was used to detect sound induced motions of 
middle ear structures, thereby using the SD-OCT system as a 
middle ear vibrometer. From a human temporal bone cadaver, 
structural B-scan images were taken and compared to vibrational 
images visualizing the velocity of different areas of  the   tympanic 
membrane as well as of the  middle   ear ossicles. Using this method, 
which was applied through the  closed   tympanic membrane, 
the authors propose the setup to diagnose different causes of 
conductive hearing loss directly and noninvasively. 

 Cho et al. [ 7 ] also combined an  SD-OCT scanner   with a surgical 
microscope for imaging middle ear and inner ear structures in mice 
through the  closed   tympanic membrane. In their experiment, they 
also created models of different clinical situations, e.g., middle ear 
effusion, remaining effusion after paracentesis and suction,    tym-
panic membrane perforation, and compared these to OCT imag-
ing results. In their view, the advantage of SD-OCT lies in imaging 
and 3D image reconstruction of middle ear structures in vivo 
which is now possible in real-time. 
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 Chang et al. [ 8 ] in a recent study were able to use an OCT 
system to simultaneously visualize sound induced motions of  the 
  tympanic membrane and  middle   ear ossicles in  three-dimensional 
reconstruction   of three temporal bones from chinchilla cadavers. 
They examined pure tone frequencies of 800, 1910, and 3050 Hz. 
Their OCT system produces 15,000–20,000 A-lines per second, 
while the number of A-scans divided by the pure tone frequency 
under examination results in the number of different phases 
displayed by the system. Sensitivity for tympanic membrane move-
ment was 0.5 nm and 5 nm for the stapes footplate, as all measure-
ments were performed through the  closed   tympanic membrane. 
Different motion and phase-related features could be identifi ed for 
(a) normal middle ear structures, (b) stapes fi xation, and (c) inter-
ruption of the incudo-stapedial joint. As for future perspectives, 
the authors see the potential to differentiate between different 
causes of conductive hearing loss directly in an outpatient setting 
using their system. 

 With similar intention, Burkhardt and coworkers [ 9 ] presented 
a  Doppler OCT system   to analyze human temporal membrane 
motion by acoustic chirps over a frequency range between 400 Hz 
and 6400 Hz. They used a  Frequency-Domain OCT system   with a 
center wavelength of 1300 nm ± 160 nm. Lateral resolution was 
calculated at 9 μm and axial resolution at 13 μm. Measuring  the 
  tympanic membrane with 512 Motion(M)-scans in  z  axis at a rate 
of 60 kHz over a grid of 25 × 25 points, 8.5 ms were required for 
one scan to render one full tympanic membrane scan over 625 
points within 5.3 s. By means of the setup, tympanic membrane 
motion showed an increasing complexity and falling amplitude with 
rising frequency. Resonance frequency of the human tympanic 
membrane was observed at 1062 Hz, while amplitude maxima 
were observed to shift over different spots with varying frequency. 
Their setup, however, employed a human temporal bone model, 
although the authors see the possibility to adapt it for clinical use 
with reasonable effort.  

    OCT in Clinical Middle and Inner Ear Imaging 

 One of the fi rst to use OCT in clinical settings, Heermann and 
coworkers [ 10 ] coupled  a   TD-OCT scanner to an operating micro-
scope and used it under sterile conditions while performing micro-
surgery of the  middle ear  . They employed the OCT system in 
B- Mode   in fi ve cases of tympanoplasty type III, i.e., restoration of 
 the   tympanic membrane, the malleus, the incus, and—in some 
cases—the stapes suprastructure following chronic infl ammation of 
the middle ear, as well as fi ve cases of  stapes surgery  , in which the 
stapes is fi xed by a sclerotic change of the elastic ring supporting it 
to the inner ear capsule. In both operations, OCT was mainly used 
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to measure the length of the prosthesis which is critical for reestab-
lishing sound transmission in the best possible way. The authors 
concluded that optical measurement of distances in the inner ear 
were preferable over mechanical measurement, as the latter always 
carries the risk of destruction to the remaining middle ear chain, 
particularly breaking the stapes footplate. The authors stated that 
 B-mode imaging   through a  closed   tympanic membrane were 
impossible due to methodological restrictions. Although this may 
apply to cases of  tympanosclerosis   or extreme scarring, in cases of 
healthy, semi- transparent   tympanic membranes this hypothesis was 
proven otherwise by later authors. 

 Djalilian et al. [ 11 ,  12 ] employed a TD-OCT-system in an out-
patient setting in order to characterize  healthy   tympanic  mem-
branes   and to differentiate these from distinct pathological 
processes. In 10 patients, they were able to delineate the physio-
logical trilaminar structure of the tympanic membrane with an 
outer squamous layer, middle fi brous layer, and medial cuboidal 
epithelium. This  trilaminar structure   could be differentiated from 
atrophic areas of  the   tympanic membrane with only one thin layer 
visible. Furthermore, hyperkeratosis of the tympanic membrane, a 
tympanosclerotic plaque, and cholesteatoma could be seen, 
although in these three cases, penetration depth of the infrared 
light is limited and therefore prevents further differentiation in 
depth, as well as judging the extent of chronic infl ammatory pro-
cess as in cholesteatoma.  Image acquisition rate   was 1 Hz, making 
it suitable for the practical use in an outpatient department with a 
total examination time of 3 min for each patient. 

 In the aforementioned studies by Just et al. [ 2 – 4 ], imaging of 
the oval window niche in human temporal bones was transferred to 
an operative setting in eight patients undergoing stapes surgery. In 
these patients, the  sclerotic changes   to the elastic suspension of the 
stapes footplate, as well as the footplate itself were contrasted 
against their results obtained from healthy temporal bones ex vivo. 
Scanning speed allowed imaging in B-mode in real time, although 
three-dimensional reconstruction of the data required some image 
postprocessing and could not be realized in an operative setting. 
However, scan resolution allowed online characterization of shape 
and extent of sclerotic changes encountered in otosclerosis patients. 
As a practical aspect, the use of the SD-OCT scanner extended the 
total duration of surgery by 5–10 min. 

 In 2012, Nguyen et al. [ 13 ] from S. Boppart’s workgroup set 
out to detect bacterial  biofi lm   attached to the inner layer of  the 
  tympanic membrane of patients with  chronic otitis media 
(COM)  / otitis media      with effusion (OME). The general hypothe-
sis is that bacteria whose number per volume exceeds a certain 
threshold can produce a thick layer of mucopolysaccharides which 
is impenetrable by macrophages, lymphocytes, etc. as well as by 
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antibiotics. Nguyen et al. aimed to detect this layer optically. They 
used two methods, low coherence interferometry ( LCI)      and opti-
cal coherence tomography, either as a stand-alone method (LCI) 
or in combination, using a custom built hand-held device similar 
to an offi ce otoscope. From a total of 20 individuals, 13 patients 
with clinical signs of COM and seven healthy controls, 18,537 LCI 
scans and 742 OCT images were taken.     Biofi lm   was defi ned as a 
thick and highly scattering signal up to a depth of 400 μm (200 μm 
average) behind  the   tympanic membrane, while the TM itself 
showed two distinct peaks about 90 μm apart, related to the outer 
and inner epithelial layer. As many LCI scans per ear were taken, 
the specifi city for the presence  of   biofi lm was such that normal ears 
had a low percentage of abnormal scans (<11 %), while ears with 
presence of biofi lm had an abnormal scan rate of >37 %. Therefore, 
the authors set the threshold  of   biofi lm diagnosed with LCI/OCT 
at a rate of abnormal scans of >25 % per ear resulting in a sensitivity 
of 68 % and specifi city of 98 %. According to the authors, the low 
sensitivity can be explained by patchy areas of biofi lm that result in 
normal and abnormal scans at the same time in one ear. 

 In a consecutive study [ 14 ], the workgroup of Nguyen and 
Boppart compared the presence  of    biofi lm   assessed by OCT to 
acoustic effects on  the   tympanic membrane induced  by   biofi lm. 
They found that in cases with the presence of biofi lm confi rmed by 
OCT, tympanic membranes showed certain features of acoustic 
resistance and power refl ectance that could be differentiated from 
normal tympanic membranes and potentially also from TM in 
chronic otitis media with effusion. However, the authors also state 
that three-dimensional reconstruction of OCT images could help 
identifying the extent  of   biofi lm and its local effects of TM move-
ment, while in this study local effects were diffi cult to assess as only 
two-dimensional images were available.  

    OCT in Conjunction with Other Experimental Methods 

 McCaughey and coworkers [ 15 ] used a TD-OCT scanner to com-
pare the shape of bone ablated by two different lasers, an Er:YAG 
laser (2940 nm)       and a  femtosecond laser (1053 nm)      ex vivo. 
Other means of characterization were light microscopy and scan-
ning electron microscopy (SEM). Although penetration depth of 
OCT was extremely limited in bone, the ablation depth was easily 
quantifi ed as well as ablation margins characterized without 
mechanically cross-sectioning of the specimen, thereby avoiding 
preparation artifacts. 

 The question which thermal alterations affect the perilymph 
during  CO 2  laser stapedotomy   was addressed by Just and coworkers 
in 2010 [ 16 ]. In this context of an ex vivo experiment, the shape 
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and thickness of the stapes footplate as well as the shape of the CO 2  
laser-induced footplate perforation were addressed. To achieve this, 
the shape of the footplate was reconstructed three- dimensionally 
using data from the SD-OCT scanning system described in [ 2 – 4 ]. 
The OCT data confi rmed perforation diameters between 490 and 
550 μm with an unevenly shaped “crystallization zone” and evenly 
shaped, unaffected bone. No signifi cant correlation was found 
between the thickness of the stapes footplate and the perforation 
diameter. 

 Just et al. [ 17 ] also  examined   tympanic membrane movement 
by using a fi lm patch with integrated strain gauge. In this context, 
two different types of  fi lm patch   with integrated strain gauge were 
attached to tympanic membranes in vitro. The SD-OCT system 
described in [ 2 – 4 ] was employed to (a) assess the thickness of 
tympanic membranes under investigation in vitro and in vivo and 
(b) evaluate whether the fi lm patch was tightly attached to the 
tympanic membrane surface during pressure changes, leaving no 
gaps between the membrane and the fi lm patch.  

    Own Experience 

 In a research project conducted jointly be the  Fraunhofer Institute 
for Laser Technology (ILT)   and the Department of 
Otorhinolaryngology,  Plastic Surgery of the Head and Neck  , 
RWTH Aachen, we aimed to evaluate the use of OCT for otologic 
diagnosis in an outpatient setting. The objective was to create an 
additional tool for the otologist to (i) confi rm/refi ne the clinical 
diagnosis made by otomicroscopy for preoperative patients and to 
(ii) follow up patients postoperatively for early detection of recurrent 
disease, e.g., cholesteatoma. 

 A  time-domain OCT system   with a low-coherent super 
luminescent diode light source with a center wavelength of 
1310 nm was coupled to  the   front lens of a microscope via a  micro-
manipulator   (Figs.  1  and  2 ).  The   micromanipulator allows adjust-
ment of the scan direction and the fi eld of view of about 1 × 1 mm 
minimum to 2 × 3 mm maximum. The system creates 200 A-lines 
per second in an  x / y  matrix of 100 × 100 scans, resulting in a total 
scan time of 50 s for one volumetric scan. As the fi eld of view in  x / y  
direction is variable so is the transverse resolution of the system. 
The axial resolution is 10 μm, with a comparatively large scan range 
along the  z -axis of 9 mm. This range was necessary in order to 
achieve one scan ranging from  the   tympanic membrane to the 
medial wall of the middle ear, e.g.,  the   promontory and structures 
in between (Table  1 ).

     A standard  resolution   CCD camera was incorporated in the 
system to monitor areas under scan and to document the clinical 
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aspect as seen through the  microsc  ope (Fig.  3 ). The tympanic 
membrane, posterior wall of the outer ear canal, and the umbo (tip 
of the malleus inserting at the center of  the   tympanic membrane) 
were always visible and considered as reference structures, while 
the promontory, round window membrane, long incus process, 
and stapes suprastructure were regarded as target structures (Fig.  4 ). 
The aim was to visualize target structures through an intact 

  Fig. 1     Oto-Microscope (Zeiss OPMI9)   in outpatient department  with   micromanipulator attached including  x / y  scanner 
drive ( star ) and CCD camera ( arrow ). The guide rails to the right are attached for calibration purposes only       

  Fig. 2    Setup  in   outpatient department for examination of the  right ear        
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tympanic membrane in 18 healthy individuals and 13 patients with 
varying pathology. In 56 scans of healthy individuals, the promon-
tory could be identifi ed in 35 scans, the long incus process in 
21, round window membrane in 8, and stapes suprastructure in 4. 
Of 26 scans performed in patients, the identifi cation of aforemen-
tioned structures was possible in 3, 1, 3, and 0 scans, respectively. 
Although results in patients seem disappointing considering the 
identifi cation of structures for the middle ear, it has to be men-
tioned that the anatomy was largely altered by the underlying 
pathological process itself and by the following surgery. 
Secondly, although thickened tympanic membranes following 
tympanoplasty are absorbing and scattering most of the infrared 
light, alterations in the near fi eld close to  the   tympanic  membrane   
could be seen (Figs.  5  and  6 ).

  Fig. 3     OCT   scan area varying from 1 × 1 mm ( light green square ) up to 2 × 3 mm ( yellow rectangle ) in relation 
to tympanic membrane size ( right ear )       
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  Fig. 4    OCT scan  of   a healthy right ear (outer ear canal to the right) showing outlines of  tympanic membrane 
(TM)  ,  chorda tympani (CT)  , long incus process (I), and stapes head (S) (Image by C. Farkas and A. Lenenbach, 
Fraunhofer Institute of Laser Technology, Aachen)       
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      With  scanning speed   of 200A-lines per second, patients had to 
keep still for 50 s in order to reduce motion-related artifacts as 
good as possible. On the other hand, patients readily accepted the 
use of OCT, as the examination was conducted within the normal 
course of otomicroscopy and did not create any discomfort what-
soever. Consequently, OCT has the potential to become a powerful 
imaging modality in the hands of the otologist, bridging the gap 
between experimental research and everyday clinical use.     
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  Fig. 5    OCT  scan   of a left ear (outer ear canal to the  left ) showing a tympanoplasty type I (i.e., tympanic membrane 
repair only) in postoperative follow-up.  Tympanic membrane (TM)   with edge of former perforation, supported by 
cartilage graft (CG) (Image by C. Farkas and A. Lenenbach, Fraunhofer Institute of Laser Technology, Aachen)       
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  Fig. 6    OCT  scan   of a left ear (outer ear canal to the  left ) showing a pars tensa  cholesteatoma  : Note the 
cloudy structure of >2 mm thickness (Image by C. Farkas and A. Lenenbach, Fraunhofer Institute of Laser 
Technology, Aachen)       
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    Chapter 34   

 Optical Coherence Tomography of the Oral Cavity 
and Pharynx: Normative Anatomy and Benign Processes                     

     Giriraj     K.     Sharma      and     Brian     J.-F.     Wong          

    Introduction 

 At present, otolaryngologists have limited options for in vivo diag-
nosis of  head and neck pathology  . Workup of suspicious lesions of 
the OC or pharynx begins with a systematic offi ce-based head and 
neck examination. With assistance of a headlamp or fl ashlight, the 
surgeon can quickly examine the OC to assess a patient’s general 
health status and identify suspicious lesions.  Visual assessment and 
digital palpation   of the lips, buccal mucosa, gingiva, teeth, retromo-
lar trigone, tongue, and fl oor of mouth are performed in a system-
atic manner to assess for textural and structural irregularities, color, 
and odor. Next, the tongue is relaxed or depressed with a tongue 
blade to visually examine the  oropharynx (OP)      for mucosal color, 
structural integrity, antero-posterior and lateral dimensions, tonsil-
lar symmetry, and uvula movement and symmetry. Examination of 
the nasopharynx (NP), hypopharynx, and  larynx   requires an  indirect 
mirror exam or can be performed by fl exible fi ber-optic nasopha-
ryngoscopy. A signifi cant limitation, however, to visual inspection, 
fl exible, or rigid endoscopy is that these examinations only permit 
subjective evaluation of surface tissues. At present, surgeons lack a 
practical diagnostic modality which allows for in vivo high-resolu-
tion imaging of subepithelial tissue in the event of suspicious oral or 
pharyngeal lesions. Computed tomography (CT) and magnetic 
resonance (MR) imaging do not have adequate resolution to dif-
ferentiate between benign and malignant lesions. Furthermore, 
both procedures may require sedation for pediatric patients and CT 
carries the risk of  ionizing radiation  . The only way to defi nitively 
differentiate between benign,  premalignant, and malignant lesions 
is histopathological analysis of excised tissue. This is an invasive 
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 procedure, associated with patient morbidity, cost, poor coverage of 
at-risk tissue, and, in many cases, a delayed diagnosis of advanced-
stage lesions. 

 A variety of infl ammatory lesions and benign pathology may 
occur in the OC and  pharynx  . Tumors of the OC and OP are gen-
erally grouped together, with the OC being a more common site 
for benign pathology. These include infl ammatory hyperplasias 
(e.g., fi broma, pyogenic or giant cell granuloma, and benign lym-
phoid hyperplasia), hamartomas (e.g., lymphangioma, hemangi-
oma, neurofi broma, granular cell tumor, and lipoma), benign 
epithelial tumors (e.g., pleomorphic adenoma), benign tumors of 
the bone, benign odontogenic tumors, and cysts. Additional benign 
oral conditions include candidiasis, aphthous ulcers, recurrent her-
pes labialis, erythema migrans, lichen planus, and hyperkeratosis 
[ 1 ].  Dysplastic lesions   include leukoplakia (white), erythroplakia 
(red), or mixed white-red epithelial lesions.  Leukoplakias   develop 
in 1–4 % of the population, with a reported 0.13–33 % of these 
lesions undergoing malignant transformation [ 2 ,  3 ].  Erythroplakias   
carry risk for malignant conversion in up to 85 % of lesions [ 3 ]. 
 Benign tumors   of the NP are rare and occur more commonly in 
children and young adults. These include developmental tumors 
(e.g., teratomas), ectodermal tumors (e.g., papillomas and adeno-
matous polyps), mesodermal tumors (e.g., juvenile angiofi broma, 
fi bromyxomatous polyps, osteomas, and fi brous dysplasia), and 
benign salivary gland tumors [ 4 ]. Tumors of the NP have a capacity 
for undetected growth and expansion, often leading to a delay in the 
onset of symptoms which, combined with the diagnostic inacces-
sibility of the NP, often results in delayed diagnosis.  

    Anatomy   

 The OC has several functions including the sense of taste, mastica-
tion, and deglutition and is involved in vocalization and respiration. 
The OC is bounded anteriorly at the vermilion border of the lip, 
laterally by the cheeks and tonsillar pillars, and extends posteriorly 
to the hard–soft palate junction (superior boundary) and circumval-
late papillae (inferior boundary). Oral mucosa consists of stratifi ed 
squamous epithelium and underlying connective tissue (lamina 
 propria) which are separated by a basal lamina. The lamina propria 
is divided into a papillary layer (superfi cial) and a more fi brous layer 
(deep). Classifi cations of oral mucosa are based upon location and 
function, including masticatory mucosa (keratinized stratifi ed squa-
mous epithelium), lining mucosa (non-keratinized stratifi ed squa-
mous epithelium), and specialized mucosa in the regions of the 
taste buds. OCT images of normal buccal mucosa (non-keratinized 
stratifi ed squamous epithelium) are depicted in Fig.  1 . In contrast, 
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the lips contain keratinized epithelium, as noted by a distinct con-
trast difference in the epithelial layer in Fig.  2 . Figure  3  depicts 
OCT images of the normal fl oor of the mouth.

     The pharynx participates in vocalization, digestive, and respira-
tory functions and is divided into three anatomical sections: the NP, 
OP, and laryngopharynx. The NP is bounded anteriorly by the cho-
anae, superiorly by the body of the sphenoid bone (base of skull), 
laterally by the Eustachian tube orifi ces, and posteriorly by the supe-
rior constrictor muscles. Nasopharyngeal soft tissue is composed of 
various epithelial (keratinized and non-keratinized squamous, pseu-
dostratifi ed, ciliated, and columnar), glandular, and lymphoid tis-
sues. The OP is posterior to the OC and is bounded by the soft 
palate superiorly and hyoid bone inferiorly. Posterior and lateral 
boundaries are formed by the muscular  pharyngeal wall (superior 
and middle constrictors). The  laryngopharynx or hypopharynx is 

  Fig. 1    OCT images of normal  buccal mucosa   acquired from a university-built TD-OCT system ( a ) and a com-
mercially available system ( b ).  SS  non-keratinized stratifi ed squamous epithelium,  BM  basement membrane, 
 LP  lamina propria       

  Fig.  2    OCT images of normal  lip mucosa   acquired from a research TD-OCT system ( a ) and a commercially 
available system ( b ).  SS  keratinized stratifi ed squamous epithelium,  BM  basement membrane,  LP  lamina 
propria,  SG  seromucinous glands       
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the caudal most section of the pharynx and lies inferior to the epi-
glottis and is bounded laterally by the aryepiglottic folds. The  laryn-
gopharynx   communicates inferiorly with the esophagus (posteriorly) 
and larynx (anteriorly). The OP and laryngopharynx are lined by 
non-keratinized stratifi ed squamous epithelium.  

    Principles of OCT   

 In the last 10 years, substantial research in optical diagnostics has 
increased our understanding of the relationship between the opti-
cal and biologic properties of tissues. By detecting alterations in 
light–tissue interaction, optical technologies can provide real-time 
assessment of tissue structure and physiologic state at a molecular 
level. Furthermore, optical diagnostics have the potential to iden-
tify early precancerous changes which are frequently undetectable 
by visual examination. Current noninvasive or minimally invasive 
optical technologies include photosensitizers, in vivo confocal and 
multiphoton imaging microscopy, spectroscopy (e.g., Raman spec-
troscopy, elastic scattering spectroscopy, and fl uorescence spectros-
copy), and OCT. While the benefi ts of optical diagnostics vary 
with each technology, common advantages over histopathological 
examination include a real-time diagnosis, decreased morbidity, 
and cost. Furthermore, certain optical imaging modalities (e.g., 
spectroscopy) offer objective data analysis which may reduce diag-
nostic subjectivity commonly associated with the interpretation of 
tissue samples. 

 OCT is a light-based imaging modality which is based upon 
principles of low coherence interferometry [ 5 ,  6 ]. A near-infrared 
light source (e.g., laser or superbright light emitting diode) is split 
into two paths culminating in a mirror (reference arm) and  biological 

  Fig. 3    OCT images of normal fl oor of mouth acquired from a research TD-OCT system ( a ) and a commercially 
available system ( b ).  SS  keratinized stratifi ed squamous epithelium,  BM  basement membrane,  LP  lamina 
propria       
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tissue (sample arm), respectively. Back-refl ected light from the ref-
erence and sample arms is recombined and detected to construct 
interference profi les (A-lines) as a function of tissue depth. Individual 
and adjacent A-lines are combined to form a three- dimensional 
(3D), cross-sectional images of tissue. OCT is able to provide real-
time images with resolution up to 10–15 μm and optical penetra-
tion depth up to 1–2 mm [ 5 ]. Two major types of OCT systems 
include time domain OCT (TD-OCT) and frequency or “Fourier” 
domain OCT (FD-OCT). FD-OCT is an advanced generation 
technology which offers improved signal-to-noise ratio and higher 
imaging speeds and diagnostic sensitivity compared to TD-OCT 
[ 7 – 9 ]. Long-range or “anatomic” OCT (LR-OCT) systems were 
later developed to allow for extended range imaging (axial range up 
to 25 mm) without sacrifi ce of resolution [ 10 ,  11 ]. 

 Various OCT  systems   have been developed to allow for tissue 
scanning in a linear or radial fashion. Most in vivo OCT imaging of 
the OC or pharynx is accomplished using a fi ber-optic probe which is 
placed in direct contact or near-contact with mucosal tissue. OCT 
sample arms may be housed in a rigid handheld instrument for intra-
oral or transoral imaging, integrated with the instrument channel of 
a fl exible endoscope or applied to the pharynx in a fl exible, transpar-
ent endoscopic catheter. Early TD-OCT systems had scan rates up to 
1 kHz, axial resolution between 10 and 20 μm, and lateral resolution 
between 10 and 25 μm [ 12 – 17 ]. Later, swept source FD-OCT sys-
tems offered a substantial leap in scan rate (up to 100 kHz) and reso-
lution (<10 μm) [ 18 – 22 ]. While the majority of OCT systems 
described in the literature are custom-built for research purposes, 
several TD-OCT and FD-OCT systems are available for commercial 
use including the United States Food and Drug Administration-
approved Niris TD-OCT system (Imalux Corp., Cleveland, OH).  

   Diagnostic OCT of Mucosal Lesions 

   In 2005, Wilder-Smith’s group conducted in vivo OCT of oral 
premalignant and malignant lesions in hamster cheek pouch 
models [ 14 ]. OCT was combined with optical Doppler tomography 
(ODT) to image the epithelial and subepithelial layers of buccal 
mucosa as well as the structural integrity of the basement 
membrane. Several additional studies have reported OCT imaging 
epithelial and subepithelial structures with close correlation with 
histological samples in a hamster cheek pouch model [ 23 – 27 ]. 

 In 2010, a group of researchers based at the University College 
London Hospital used a swept-source FD-OCT microscope 
(Michelson Diagnostics EX1301 OCT Microscope V1.0) to per-
form ex vivo OCT of suspicious oral lesions immediately following 
excisional or incisional biopsy [ 21 ]. Thirty-four oral lesions were 
analyzed for (1) architectural changes in keratin, epithelial, and 
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subepithelial layers, and identifi cation of basement membrane, and 
(2) compared with histopathological results. While OCT data 
demonstrated distinct zones of normal and altered architectural 
changes, resolution was inadequate to identify exactly changes in 
pathologic tissue and, consequently, diagnosis and differentiation 
between  dysplastic   and malignant tissues was not possible. 
Additional reports of ex vivo OCT on human OC/OP tissues are 
included for review [ 28 – 31 ].  

   Select reports have focused solely on OCT imaging of normal, 
healthy mucosa of the OC/OP [ 12 ,  19 ,  32 ]. In 1998, Feldchtein 
et al. (Nizhny Novgorod, Russia) fi rst reported in vivo OCT of 
hard and soft tissue of the oral cavity [ 12 ]. They used a dual 
wavelength TD-OCT system consisting of two  superluminescent 
diodes   operating at  λ  1  = 830 nm and  λ  2  = 1280 nm, respectively. 
Dual infrared beams with resolution of 17 μm (830 nm) and 22 μm 
(1280 nm) were aimed at masticatory, lining, and specialized oral 
mucosa to conduct transverse scanning. Single transverse scans 
were completed in 2–5 s, with simultaneous recording of OCT 
data from both signals. Differences in epithelial and lamina propria 
thickness were noted from different oral mucosa subtypes. The 
presence of  keratin in   the epithelium was also shown to reduce 
light penetration to underlying tissue layers, thus causing diffi culty 
in distinguishing epithelium from lamina propria and submucosa 
in keratinized tissues. Later, Prestin et al. used OCT to measure 
epithelial thickness within the OC in 143 subjects [ 32 ]. Their data 
demonstrated varying epithelial thickness depending on location 
within the OC and provided a reference standard for differentiating 
normal from dysplastic tissue. 

 Numerous studies have evaluated in vivo OCT of benign or pre-
malignant  lesions   of the OC and pharynx [ 15 ,  17 ,  20 ,  21 ,  33 – 35 ]. 
In 2006, Ridgway et al. imaged the OC and OP in 41 patients 
during operative endoscopy [ 15 ]. A TD-OCT system (central 
wavelength  λ  = 1310 nm, lateral and axial resolution ~10 μm) was 
used with a handheld fi ber-optic probe (Fig.  4a ) housed in a rigid, 
hollow metal tube (Fig.  4b ). The probe was positioned manually 
or with endoscopic guidance and consisted of a gradient refractive 
index (GRIN) lens (1 mm diameter, 0.23 pitch) coupled with a 
right-angle prism to focus and refl ect the OCT signal at 90. Their 
OCT data demonstrated normal  microstructures  , including 
 keratinized epithelium, papillae, ducts, glands, and blood vessels, 
and benign pathologic features including mature scar, granulation 
tissue, mucous cysts, and leukoplakia.

   A research team led by Betz and Kraft has been a forerunner in 
evaluating OCT in the diagnosis of lesions of the upper aerodiges-
tive tract. Recently, they published multiple reports of in vivo 
imaging of OC anatomy and premalignant lesions using the  Niris 
OCT imaging system   (Imalux Corp.) [ 32 ,  35 ]. Their studies 
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reported that OCT-based differentiation between noninvasive and 
invasive lesions could be performed with 88.9 % sensitivity and 
89.0 % specifi city. Comparative analysis of OCT images from 
 hyperplastic and dysplastic lesions   demonstrated a statistically sig-
nifi cant difference in intensity profi les of the epithelial layer 
between the two groups.   

   Other Oral Lesions and Dental Pathologies 

 Pharyngeal or  oral mucositis (OM)         is a toxic effect of chemother-
apy and head and neck irradiation. At present, there is no means to 
predict the onset and severity of OM, thus limiting options for 
preventive and treatment measures. Early studies demonstrated 
OCT-based early detection and quantifi cation of radiation- and 
chemotherapy-induced OM in  mouse and hamster models   [ 36 , 
 37 ]. In 2007, Wilder-Smith et al. fi rst reported OCT of 
chemotherapy- induced OM in human subjects [ 16 ]. Following 
commencement of chemotherapy, oral mucosa structure was lon-
gitudinally evaluated using a TD-OCT system (central wavelength 
 λ  = 1310 nm, axial resolution 10 μm) and a handheld fi ber-optic 
probe. Their results demonstrated early and progressive changes in 
epithelial and subepithelial tissue thickness and integrity, prior to 
clinical manifestation of disease. The same group later reported 
TD-OCT of oral mucosa in 48 patients undergoing chemotherapy 
[ 38 ]. Using the Niris OCT system (Imalux Corp.), they demon-
strated a higher sensitivity of detection for OM using OCT than 
using the gold standard OM assessment scale. Additional reports 
of OCT-based diagnosis of oral mucositis or postradiation changes 
are described in the literature [ 39 – 41 ]. Lee et al. performed swept- 
source OCT of healthy  OC mucosa and oral submucosal fi brosis   

  Fig. 4    Schematic of distal apparatus of endoscopic OCT probe ( a ) and rigid, hollow metal tubing for handheld, 
transoral application of OCT probe ( b ) constructed by Ridgway et al. [ 15 ].  GRIN  gradient index refractive lens       
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and noted decreases in both epithelial thickness and standard devi-
ation of A-mode scan intensity in mucosa with submucosal fi brosis 
compared to normal tissue [ 18 ]. 

 There has been limited discussion on OCT of microvascula-
ture and vascular malformations of the oral cavity [ 20 ,  22 ,  33 ,  37 , 
 42 ]. In vivo assessment of microcirculation within OC tissues has 
potential to be a valuable diagnostic indicator due to the vascular 
change associated with pathologic lesions. Choi et al. conducted 
in vivo OCT of OC and nasal cavity microvasculature using a 
 swept-source system   (central wavelength  λ  = 1300 nm) coupled 
with a vertical cavity surface-emitting laser (VCSEL, coherence 
length ≥ 50 mm; Thorlabs, Inc. Newton, NJ, USA) [ 22 ]. A hand-
held probe (Thorlabs) was mounted in a positioning stage for oral 
and nasal cavity imaging. Side imaging (90° projection of OCT 
signal) and forward imaging (0° projection) scan modes were used 
to image circumferential or lateral wall tissues (e.g., buccal mucosa 
and nasal mucosa) and frontal regions (e.g., labial mucosa), respec-
tively. Volumetric structural OCT images of oral and nasal cavity 
tissues were obtained to map blood perfusion. Additional studies 
have used ODT to detect functional blood fl ow within oral cavity 
tissue [ 37 ,  42 ]. ODT is a functional extension of OCT that mea-
sures phase change secondary to Doppler frequency shift of light 
backscattered from moving red blood cells within a blood vessel. 
Recently, speckle variance of OCT signal has been studied to ana-
lyze large blood vessels of the OC [ 33 ,  41 ]. 

 Lastly, structural imaging of dental tissues has been evaluated 
using OCT. In 1997, Colston et al. fi rst reported OCT of  in vitro 
porcine periodontal tissues   [ 43 ]. A transverse-scanning TD-OCT 
system (central wavelength  λ  = 1310 nm, resolution ~20 μm) cou-
pled with a He–Ne laser (633 nm wavelength) was used to scan 
 enamel–cementum and gingiva–tooth interfaces  . OCT data were 
correlated with histological sections to demonstrate internal tooth 
and soft tissue structural relationships which are critical in the diag-
nosis of periodontal disease. Additional, early studies of TD-OCT 
imaging of dental structure are described [ 12 ,  44 – 46 ]. While this 
chapter does not cover OCT of dental structures, select articles on 
OCT applications in diagnostic evaluation and therapeutic moni-
toring in dentistry are included for review purposes [ 47 – 57 ].  

   Long-Range  OCT   

 Upper airway obstruction is a frequently diagnosed condition 
among adult and pediatric patients and has potential for severe 
long-term sequela if untreated. A variety of pathologic conditions 
may be causative of upper airway obstruction including anatomic 
obstruction (e.g., deviated septum, stenosis, thickened palate, and 
collapse of aryepiglottic folds), tumors, tonsillar and/or adenoidal 
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hypertrophy, and congenital diseases (e.g., choanal atresia). 
Quantitative measurements of the pharyngeal lumen enable con-
struction of virtual computational airway models to evaluate air-
fl ow. This information may help surgeons identify regions of airway 
stenosis, predict outcomes of medical or surgical intervention, and 
ultimately improve the management of OSA. At present, laryngos-
copy and bronchoscopy remain the gold standard for diagnosis of 
upper airway obstructive disease, but only provide semiquantitative 
information on pharyngeal morphology. CT and MRI have been 
shown to provide quantitative upper airway dimensions; however, 
these techniques are associated with the need for sedation in chil-
dren and ionizing radiation exposure (CT) and are limited by 
respiratory motion artifacts and long imaging times [ 58 ,  59 ]. 

 LR-OCT or “anatomical”  OCT   is a minimally invasive endo-
scopic technique used to quantitatively assess the size and shape of 
the upper airway. Advantages of LR-OCT include high patient 
safety, portability, low cost, and long permissible patient exposure 
times given that OCT uses nonionizing radiation. In 2003, 
Armstrong et al. (Western Australia) fi rst reported in vivo endo-
scopic LR-OCT of the upper airway in human subjects [ 10 ]. Using 
a frequency domain LR-OCT system (central wavelength 
 λ  = 1325 nm, axial resolution 17.4 μm), their group achieved long- 
range imaging (axial range 26 mm) using an endoscopic probe 
inserted through a transparent, distally sealed naso-esophageal 
catheter. The probe was rotated (3.75 Hz) to acquire stationary 
and continuous (0.2 mm/s pullback) cross-sectional images from 
the esophagus and pharynx. Further LR-OCT studies by the same 
group (Western Australia) demonstrated high correlation between 
LR-OCT and CT-derived measurements of pharyngeal cross- 
sectional area [ 60 ]. With the evolution of frequency domain tech-
nology, LR-OCT of the pharynx has been performed at helical 
scanning speeds up to 30 Hz [ 61 ] and axial imaging range up to 
20 mm [ 11 ] in order to acquire three-dimensional volumetric 
images of the airway. LR-OCT images of select anatomic levels of 
the adult upper airway are depicted in Fig.  5 . Additional reports of 
LR- OCT   to quantitatively evaluate pharyngeal size and shape are 
described in the literature [ 11 ,  61 – 65 ].

      OCT  Limitations   

 The primary limitation of OCT is the optical penetration depth in 
biological tissue. Current OCT systems offer a maximum penetra-
tion depth of 1–2 mm. Achieving adequate signal penetration is 
imperative to differentiate between benign, premalignant, and 
malignant processes of the OC and pharynx. OCT diagnostic 
 sensitivity is thus limited in the event of larger, exophytic lesions 
with high depths. Furthermore, OCT signal absorption and/or 
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 scattering by tissues such as cartilage and bone results in distal 
shadows on cross-sectional images and further limits the diagnostic 
sensitivity in mixed hard–soft tissues. Additional factors which may 
limit image quality for in vivo imaging include physician hand 
tremor, patient movement, and equipment vibrations; such move-
ments translate to reverberating effects on measured optical back-
scattering and can result in image distortion or stretching. Lastly, 
although advanced FD-OCT systems offer a peak resolution of 
approximately 10 μm, this precludes tissue diagnosis at the cellular 
level. Hence, OCT cannot provide defi nitive differentiation 
between premalignant and malignant lesions, necessitating histo-
logic analysis of excised tissue.  

    Malignancy   

 In 2014, an estimated 42,440 new cases of oral cavity and pharyn-
geal cancer will be diagnosed in the United States [ 66 ]. A majority of 
these cancers are squamous cell carcinomas, which are preceded by 
dysplastic lesions including white (leukoplakia), red (erythroplakia), 
or mixed epithelial lesions. These lesions may progress to cancer, 
with erythroplakia (51 %) lesions more likely to undergo malignant 
transformation than leukoplakia (5 %) [ 2 ,  3 ]. Fundamental to long-
term survival is early diagnosis and routine follow-up with the otolar-
yngologist for close monitoring of  disease. Optical diagnostics holds 
promise for minimally invasive, cost-effective, and early detection of 
malignant lesions in the head and neck. While OCT resolution limits 
preclude the defi nitive diagnosis of malignant  lesions  , OCT may be 
used as an adjunct imaging modality to guide biopsy decisions and 
localize subclinical disease. A thorough review of OCT research in 
the diagnosis of malignant lesions in the upper aerodigestive tract is 
described elsewhere in this text.     

  Fig. 5    Long-range  OCT   images of the tip of epiglottis ( a ), base of tongue ( b ), adenoids ( c ), and choana ( d ) from 
an adult upper airway. All OCT images are displayed in polar coordinates, with anterior tissues at the top of the 
image       
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    Chapter 35   

 Optical Coherence Tomography of the Larynx: Normative 
Anatomy and Benign Processes                     

     Giriraj     K.     Sharma      and     Brian     J.-F.     Wong          

    Introduction 

 In patients presenting to the otolaryngologist with throat or voice 
complaints, a comprehensive laryngeal examination is necessary. 
While no standardized diagnostic workup applies to all laryngol-
ogy patients, each established technique has advantages and limita-
tions. In the awake, offi ce-based head and neck examination, the 
most commonly used technique to evaluate the larynx is indirect 
mirror laryngoscopy. While effi cient and least invasive of all exami-
nation techniques, this method does not allow for image capture 
and is limited to a surface view of laryngeal tissues. Flexible fi ber-
optic or rigid endoscopy with or without videostroboscopy allows 
for indirect evaluation of the larynx, but is also restricted to a 
superfi cial examination of laryngeal lesions. Conventional imaging 
modalities such as computed tomography (CT), magnetic reso-
nance imaging (MRI), and ultrasound have limited spatial resolu-
tion, precluding their ability to characterize subepithelial 
microanatomy and structural integrity of the vocal folds. Without 
a precise assessment of depth of penetration and integrity of the 
basement membrane, surgeons cannot differentiate between 
benign and malignant lesions of the larynx in patients presenting 
with identical symptoms. At present, the gold standard for the 
assessment of malignant processes is microlaryngoscopy with exci-
sional biopsy. This  invasive technique   is associated with increased 
healthcare costs, risks of general anesthesia and, most importantly, 
risk of disruption of vocal fold structure resulting in permanent 
dysphonia. Hence, there exists a need for a less invasive diagnostic 
modality which can assess the microanatomy of laryngeal tissues, 
while preserving the structural integrity of the vocal folds.  
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   Anatomy 

 The layered microstructure of the  vocal   fold was described by 
Hirano et al. based on images from a scanning electron microscope 
[ 1 ]. This information formed the basis of the “body-cover” theory 
of voice production. At the luminal surface, the superfi cial “cover” 
consists of stratifi ed squamous epithelium and the superfi cial (SLP) 
layer of the lamina propria (LP), as depicted in Fig.  1 . Immediately 
below, the “transition zone” contains the intermediate and deep 
layers of the LP (combining to form the vocal ligament), while the 
deeper “body” contains the thyroarytenoid muscle. During pho-
nation, as air fl ows through the larynx and tension develops within 
the vocal folds, the contrasting properties of the “cover” and 
“body” cause a functional separation of these layers and vibration 
at different rates [ 1 ,  2 ]. Penetrating laryngeal lesions which disrupt 
the mucosal “cover” or cause tissue loss can disrupt the “body- 
cover” model, affect VF vibrational parameters, and may lead to 
signifi cant changes in voice quality.

   OCT is capable of characterizing the layered microstructure of 
the larynx with optical penetration (approximately 1–2 mm) just 
short of the vocalis muscle. In a cross-sectional image, gray-scale 
representations of individual tissue layers are based upon their 
respective backscattering properties. The vocal folds have a weakly 
scattering epithelium while the SLP, known as Reinke’s space, has 
a loosely organized fi brous composition. Deeper layers of the LP 

  Fig. 1    Cross-sectional schematic  of   true vocal fold, depicting the epithelium and 
superfi cial layer of the lamina propria (LP, “cover”), intermediate and deep layers 
of the LP (“transition zone”), and the thyroarytenoid muscle (“body”)       
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can be differentiated based on their varying density of collagen and 
elastic fi bers. Hence, OCT can assess depth of penetration of laryn-
geal lesions and basement membrane and SLP integrity, thus offer-
ing a noninvasive means to differentiate  benign   versus malignant 
lesions of the larynx.  

   Principles of OCT 

 OCT uses a spectrally broadband light source coupled with a low 
coherence interferometer (e.g., Michelson) to produce high- 
resolution images of biological tissue. Light from an optical source 
is split into two arms: a “sample” arm (containing the tissue of 
interest) and a “reference” arm (stationary or moving mirror). 
Light back-refl ectance from the “sample” is dependent on unique 
optical backscattering coeffi cients of biological tissue layers. Both 
optical paths are recombined and detected to form an interference 
profi le as a function of tissue depth. As the sample beam is scanned 
across the tissue surface, adjacent depth profi les (A-lines) are com-
piled to construct two-dimensional or 3-D images with microme-
ter resolution (~10 μm), millimeter depth (1–2 mm), and video-rate 
imaging speed [ 3 ,  4 ]. 

 The two principal OCT schemes are time domain OCT 
(TD-OCT) and frequency or “Fourier” domain OCT (FD-OCT). 
In 1991, Fujimoto’s group published the fi rst report of real-time 
low coherence tomographic imaging in a biological system [ 3 ]. 
Using a  super luminescent diode   as a light source, their TD-OCT 
system used a “reference” beam back-refl ected from a moving mir-
ror coupled with a Michelson interferometer to construct an inter-
ference pattern. In vitro, cross-sectional images of the retina and 
coronary artery were produced by mechanically adjusting the dis-
tance to the “reference,” thereby limiting the image acquisition 
speed [ 3 ]. At the turn of the century, Fercher’s group developed 
the fi rst FD-OCT systems [ 5 ,  6 ]. FD-OCT uses a wavelength- 
swept light source and with a stationary reference arm to acquire 
information in the spectral domain, per  Fourier transform   of the 
combined spectra at the output of the interferometer. FD-OCT 
provides improved signal-to-noise ratio, increased image acquisi-
tion rates, and higher sensitivity compared to TD-OCT [ 7 – 9 ]. 
Long-range or “anatomic” OCT (LR-OCT), fi rst pioneered in 
2003 by Sampson as a derivative of TD-OCT, and later as version 
of FD-OCT, extends the axial imaging range of traditional systems 
without sacrifi cing resolution [ 10 ,  11 ]. 

   Polarization-sensitive OCT ( PS-OCT  )       enhances the diagnostic 
potential of conventional OCT by recording both the intensity and 
birefringence of backscattered light. Birefringent tissue (e.g., col-
lagen, muscle, cartilage) changes the polarization state of refl ected 

 Variations in OCT 
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light to provide an additional degree of contrast and specifi city to 
fi brous tissue layers. In imaging the vocal folds, increased collagen 
content in the vocal ligament can be contrasted with the relatively 
acellular, overlying SLP [ 12 – 14 ]. Furthermore, PS-OCT allows 
for differentiation between areas of vocal fold scarring and normal 
epithelium. 

 In 1993, the fi rst in vivo OCT studies were completed indepen-
dently by groups at the Massachusetts Institute of Technology (MIT, 
Boston, MA) and Medical University of Vienna (Vienna, Austria) to 
image the retina [ 15 ,  16 ]. Later, the introduction of endoscopic 
OCT systems led to applications in cardiology and gastroenterology 
[ 17 – 21 ]. Further evolution into ultrahigh- resolution OCT (2–3 μm 
axial resolution) and spectral domain OCT has expanded the diag-
nostic potential of OCT within ophthalmology [ 5 ,  22 – 24 ]. 
Comprehensive review of OCT principles and research in biomedi-
cal interferometry are described in the literature [ 4 ,  24 ,  25 ].   

   Evolution of OCT in  Laryngology   

 OCT research within  laryngology   traverses ex vivo and in vivo 
imaging in animal and human models. Given the range of applica-
tions and imaging techniques (pediatric vs. adult airways, offi ce- 
based vs. intraoperative imaging, static vs. vibrating vocal folds), 
OCT systems and optical probe design have evolved to optimize 
functionality and data quality. 

 The fi rst systems developed for in vivo scanning of the human 
larynx utilized near-contact endoscopic probes [ 19 ,  26 ]. These 
TD-OCT systems (central wavelength  λ  = 830 nm, 30 nm band-
width) integrated the OCT sampling arm into standard endoscopic 
devices for transverse scanning (30 cm/s) along the plane of laryn-
geal tissue to identify mucosal structural changes in precancerous 
and cancerous states. Future iterations of these systems led to the 
Niris Imaging System (Imalux Corp., Cleveland, OH) which was 
the only commercially available OCT system for imaging of the 
upper aerodigestive tract (UADT). Designed as a portable TD-OCT 
system, this unit includes a 2.7 mm diameter probe to acquire real-
time 2D images (200 × 200 pixels) with a maximum frame rate of 
0.7 Hz. The Niris spatial depth resolution is 10–20 μm with scan-
ning depth of 1.5 mm; lateral resolution is 25 μm with lateral scan-
ning range of 1.5–2.5 mm [ 27 ]. In 2010, Rubinstein et al. used the 
Niris system to obtain intraoperative images of  normal laryngeal 
tissue, transition zones, and pathology [ 27 ]. A fl exible  probe   held 
within a modifi ed suction handpiece was inserted through a surgi-
cal laryngoscope for controlled, accurate positioning at the area of 
interest (Fig.  2 ). The same year, Brenner’s group used the Niris 
system to identify layered tissue microstructure of recurrent respi-
ratory papillomatosis in the trachea [ 28 ].
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   At present, most laryngeal imaging has  been   accomplished 
using research systems designed and constructed in-house, cus-
tomized for specifi c applications of interest. Imaging systems can 
be adapted for short- or long-range imaging and stationary or rota-
tional scanning. Sampling probe designs may vary in outer diame-
ter, focal length, and direction of light propagation (0° vs 90°).  

   Ex Vivo Studies 

 With the advent of faster, minimally invasive OCT systems, research 
has trended towards in vivo OCT imaging of the human larynx. 
However, much of our understanding of OCT-based visualization 
of laryngeal microstructure is derived from studies on harvested tis-
sue. Ex vivo OCT in animal and human models has served to pro-
vide anatomical standards for normal laryngeal microanatomy and 
lay the foundation for OCT-based differentiation of benign versus 
malignant processes. Furthermore, direct comparison of OCT 
images with corresponding histological section allows scientists to 
measure OCT sensitivity and understand limitations associated with 
the technology and image quality. 

   In 2004, Bibas et al. used PS-OCT  to   image 10 tissue samples 
from a single human postlaryngectomy specimen in both longitu-
dinal (B-scan) and transverse/ en-face  (C-scan) modes. Stacks of 
C-scans were used to construct 3D images to identify refl ectivity 
patterns within the layered microstructure and to correlate OCT 
with histological sections [ 29 ]. Similarly, de Boer’s group used 
conventional OCT and PS-OCT to image human cadaveric laryn-
ges to identify patterns of optical backscattering and tissue birefrin-
gence associated with the layered microstructure of normal 

 Human Studies

  Fig. 2    Specially  designed      handheld device coupled with NIRIS OCT system to 
guide a fl exible probe into the larynx [ 27 ]       
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laryngeal mucosa [ 30 ]. These reports helped to establish standards 
for OCT-based visualization of laryngeal microanatomy and pro-
vided a framework for future OCT data analysis.  

   A team led by Luerssen,    Lubatschowski, Ptok, and colleagues has 
been a forerunner in investigating OCT applications in laryngol-
ogy since the early 2000s. In 2005, Luerssen et al. performed 
high-resolution TD-OCT (central wavelength  λ  = 1350 nm, 5 μm 
axial resolution) of porcine larynges with an optical fi ber tip in 
direct contact with sample tissue. Their data demonstrated a clear 
distinction between epithelium and underlying LP, as well as direct 
correlation of layered microstructure with histologic section [ 31 ]. 
Additional trials by this group in porcine and primate models using 
high-resolution or fi ber-based systems (5–10 μm resolution) in 
contact mode have been described [ 32 – 34 ]. In these reports, the 
authors report OCT-based identifi cation of mucosal substructure, 
laryngeal mucosa micrometry, and comparable sensitivity to histo-
logical examination. 

 Injury to laryngeal mucosa secondary to gastroesophageal 
refl ux, prolonged endotracheal intubation, or laser therapy for VF 
lesions triggers a wound healing cascade which, if undiagnosed, 
terminates in granulation and fi brosis. However, occult subepithe-
lial pathology cannot be identifi ed by operative endoscopy or CT/
MRI. Multiple ex vivo animal studies have demonstrated OCT 
capability of identifying laryngeal and subglottic histopathology 
following simulated morphologic injury to the VF or subglottis 
[ 35 – 37 ]. Karamzadeh et al. studied OCT of a variety of simulated 
subglottic injuries (collagen injection, dehydration, rehydration/
edema, and repeated intubation) in harvested rabbit larynges [ 35 ]. 
Larynges were suspended vertically in an OCT imaging stage with 
a probe positioned over the cricoid cartilage to acquire images ver-
tically, in a cephalocaudal direction. OCT-based micrometry of 
mucosal tissues demonstrated an increase in LP thickness following 
submucosal injury, as well as unique signal intensity patterns cor-
relating with levels of subepithelial collagen or edema [ 35 ]. 

 Operative treatment of glottic lesions is often limited by the 
surgeon’s inability to precisely gauge the depth of disease. Given 
the critical interaction of adjacent layers of the laryngeal mucosa 
during phonation, the “body cover” model must be respected 
during excision of glottic lesions to prevent vocal fold scarring or 
 permanent dysphonia. In 2007, Wisweh et al. performed simulta-
neous OCT and femtosecond laser (fs-laser) cutting on extracted 
porcine larynges [ 38 ]. An OCT system developed by Optimec 
Ltd. (Nizhny Novgorod, Russia) with 15 μm spatial  resolution   was 
used to identify sites of therapy and provides a reference for posi-
tioning the sample; the OCT scanner was swiveled out prior to 
fs-laser ablation at defi ned volumes and depths. This was the fi rst 
report which investigated the potential of OCT as an intraopera-
tive imaging tool to guide laryngeal microsurgery.   

 Animal Studies
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   Clinical Studies 

   In the operative setting,  the   larynx is exposed under direct laryn-
goscopy and visualized with an operating microscope and fl exible 
or rigid endoscope (0°–90°). Intraoperative OCT of the larynx has 
been studied using a fl exible endoscopic probe or a probe inte-
grated with an operative microscope. In 1997, Sergeev et al. 
reported the fi rst in vivo imaging of the larynx. Under direct laryn-
goscopy, a fl exible sampling arm was advanced through the work-
ing channel of a standard endoscope and positioned 5–7 mm away 
from the tissue of interest. The distal fi ber tip was swung by a gal-
vanometric plate to image healthy laryngeal tissue and differentiate 
epithelium and LP based on optical scattering properties [ 19 ]. 

 In 2005, Wong et al. reported laryngeal OCT during surgical 
endoscopy in 82 patients using a custom-built handheld probe. A 
fl exible sampling fi ber encased in a transparent, fl exible plastic 
sheath was supported by an outer metal tube (2 mm diameter) and 
manually guided through the laryngoscope for near-contact or gen-
tle contact imaging of laryngeal mucosa (axial resolution 9 μm, 
depth 2.6 mm). Images were analyzed for epithelial thickness, lay-
ered structure of the mucosa, and microstructural features (e.g., 
glands, microvasculature). Benign pathology, including Reinke’s 
edema, papillomatosis, polyps, mucous cysts, and granulation tissue 
were identifi ed based on unique patterns of signal backscattering 
[ 39 ]. In 2008, Kraft et al. used a commercial, contact-mode OCT 
device (Optimec Ltd.; central wavelength  λ  = 980 nm, 15 μm spatial 
resolution) to compare the diagnostic accuracy of microlaryngos-
copy with OCT compared with microlaryngoscopy alone in a series 
of 217 benign and malignant laryngeal lesions [ 40 ]. They found 
that microlaryngoscopy and OCT provided an accurate diagnosis in 
93 % of benign lesions and had a higher sensitivity (78 %) than 
microlaryngoscopy alone (66 %) in predicting epithelial dysplasia; 
specifi city and accuracy were comparable in both methods. 

 Additional reports on OCT under direct laryngoscopy or 
microlaryngoscopy have been described [ 27 ,  40 – 46 ]. Later, spec-
tral domain systems boasting faster imaging speeds (up to 18.5 
frames/s) demonstrated improved effi ciency and allow for 3D 
endoscopic imaging [ 47 ]. While imaging through endoscope work-
ing channels or handheld probes allow for contact or near- contact 
imaging, certain factors have been found to limit image quality. 
Motion artifact due to the movement of the probe tip, enhanced by 
surgeon’s hand tremor, can signifi cantly affect OCT image quality 
given its high-resolution scale. Furthermore, placement of a probe 
within the laryngoscope limits the surgeon’s visualization of the 
operative fi eld and interferes with insertion and manipulation of 
microlaryngeal instruments [ 48 ]. To answer this challenge, Vokes 
et al. fi rst described a hands-free noncontact OCT system, with the 

 Intraoperative Imaging
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sampling probe integrated with a surgical microscope. They inte-
grated a custom built TD-OCT  system   with a novel interface device 
attached to an operating microscope by acrylic housing. The inter-
face device consisted of a lens to adjust the focal length of the OCT 
beam, a galvanometer-mounted mirror to allow for coronal scan-
ning and a second fi xed mirror to redirect the path of light towards 
the sample tissue. Image frames were acquired at 1.6 mm depth 
and 6 mm width, with axial resolution of approximately 7 μm [ 48 ]. 
Additional reports of  OCT   integrated with microlaryngoscopy 
have been described in the literature [ 49 ,  50 ].  

   OCT probes can be affi xed to  fl exible   or rigid endoscopes to per-
form awake, offi ce-based laryngeal imaging. Conjoining the sam-
pling arm with a fl exible endoscope allows for imaging (contact or 
near-contact) with a fi xed working distance from the vocal folds, 
easier manipulation of the instrument, and a side-view of the vocal 
cords. However, direct contact with the vocal folds may precipitate 
severe cough, gagging or, in rare cases, laryngospasm. In rigid 
endoscopes cantilevered in the oropharynx approximately 5–8 cm 
above the vocal folds, LR-OCT systems can scan the larynx in a less 
invasive manner which may be better tolerated by patients. 
However, this method requires manual adjustment of the working 
distance with any movement. 

 In 2005, Luerssen et al. fi rst described laryngeal OCT in awake 
patients under local anesthesia. A fi ber-based endoscopic system 
(Institute of Applied Physics, Nizhny Novgorod, Russia) acquired 
images with the distal end of the sampling probe (2 mm diameter) 
in direct contact with laryngeal tissues. OCT data demonstrated 
clear distinction between epithelial mucosa and the loose, subepi-
thelial collagenous tissue of the LP [ 31 ]. Additional studies by 
Luerssen’s group describe a laryngoscope-integrated OCT probe 
for noncontact, transoral imaging with a low-profi le design to 
optimize practicality and patient comfort [ 32 – 34 ]. Figure  3  dem-
onstrates OCT images from healthy false vocal folds (supraglottic 
tissues), acquired from a research system (Fig.  3a ) and a commer-
cially available system (Fig.  3b ). This data demonstrates respiratory 
epithelium, consisting of pseudostratifi ed columnar epithelium 
with mucous-secreting goblet cells and ciliae. In contrast, OCT of 
the healthy true vocal folds depict nonkeratinized, stratifi ed squa-
mous epithelium (Fig.  4 ).

    Chen and Wong’s group constructed a TD-OCT system with a 
sampling probe fi xed onto a laryngoscope to perform transoral, 
noncontact OCT [ 51 ]. This fi rst-generation system had a slow scan-
ning mechanism (1 frame/s) and produced images with signifi cant 
motion artifact secondary to patient movement (breathing, swallow-
ing, and refl exes) and physician hand tremor. Later, the same research 
group developed an FD-OCT system with a “double barrel” hand-
held carriage integrating a gradient-index (GRIN) lens-based probe 
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and rigid video endoscope. This instrument acquired cross-sectional 
images at 8 frames/s, thus reducing the degree of motion artifact 
[ 52 ]. Further pushing the frontier in dynamic imaging of the VF, a 
swept source (central wavelength  λ  = 1310 nm) FD-OCT system was 
designed (Fig.  5a ) and constructed to acquire transoral endoscopic 
images of the larynx at 40 frames/s using an enhanced long GRIN 
lens-based probe integrated with a rigid endoscope in a similar dou-
ble-barrel apparatus (Fig.   5b ) [ 53 ]. Lubatschowski’s group inte-
grated a swept-source FD-OCT system with a rigid laryngoscope for 
noncontact OCT and synchronous video imaging of the vocal folds 
through a singular beam path [ 54 ]. Their compact imaging appara-
tus offered a more practical and well-tolerated means for transoral 
offi ce-based imaging of the vocal folds. These noncontact, transoral 
endoscopic systems were the fi rst to provide synchronous OCT and 
video imaging of the larynx during respiration and phonation with-
out the use of topical anesthesia. Furthermore, noncontact imaging 
prevents morphometric distortion which may result from direct tis-
sue compression from the tip of the probe. Awake, offi ce-based 
OCT offers comparable results to contact or near-contact OCT dur-
ing surgical endoscopy, however, with lower axial resolution (20 μm). 
Limitations of these modifi ed laryngoscope-based systems include 

  Fig. 3    OCT images of  the   normal false vocal folds acquired from a research OCT system ( a ) and a commer-
cially available OCT system ( b ).  E  Epithelium (psuedostratifi ed columnar),  BM  basement membrane locus,  LP  
lamina propria       

  Fig. 4    OCT images of  the   normal true vocal fold acquired from a research OCT system ( a ) and a commercially 
available OCT system ( b ).  SS  stratifi ed squamous epithelium,  BM  basement membrane locus,  LP  lamina 
propria       
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motion artifact caused by patient movement during the exam (e.g., 
breathing, swallowing, refl exes) and physician’s hand tremor. 
Furthermore, because the endoscope-OCT systems were cantile-
vered within the limited space of the pharynx, an extended focal 
length (compared to systems integrated with surgical endoscopes) 
was required for laryngeal imaging, limiting the lateral resolution 
and signal intensity [ 31 ,  32 ,  51 ,  55 ]. Currently, long-range swept 
source systems are being designed for high-speed transoral imaging 
without compromise of resolution.

   In 2006, Klein et al. described laryngeal  OCT   and PS-OCT in 
awake subjects using a probe integrated with a fl exible transnasal 
endoscope. The OCT probe, encased in Tefl on tubing, was 
advanced through the operating channel of the endoscope until the 
distal end was visible and placed in contact with the glottic mucosal 
surface. Images were analyzed for epithelial micrometry, gray-scale 
intensity variation secondary to birefringent tissue (i.e., collagen 
content), and unique features of benign processes (e.g., papilloma, 
cysts, scarring) [ 41 ]. Additional reports of awake, offi ce-based, 
fl exible endoscopic OCT are described in  the   literature [ 56 ].   

   Vocal Fold Vibration 

  Vocal fold vibration   has  been   widely studied under normal and 
pathologic circumstances using laryngeal videostroboscopy and 
high-speed video. Lohscheller et al. utilized phonovibrography to 
translate vocal fold vibration frequency, velocity, and acceleration 
into 2D diagrams for visualization and analysis [ 57 ,  58 ]. In exami-
nation of patients with laryngeal lesions, clinicians routinely cor-
relate endoscopic fi ndings with characteristics of vocal fold 

  Fig. 5    Schematic diagram of gradient index (GRIN)    lens rod-based dynamic focusing swept-source OCT sys-
tem ( a ). Handheld “double barrel” carriage with integrated OCT probe and rigid endoscope for transoral imag-
ing of the larynx.  SS  swept light source (central wavelength  λ  = 1310 nm),  C1  1 × 2 coupler,  C2  2 × 2 coupler, 
 DA  differential amplifi er,  Circ  circulator,  Coll  collimator,  DM  dichotic mirror,  L1 ,  L2  lenses (coupled with GRIN 
lens to form an optical ballast and produce an optical relay within the reference arm),  L3  focusing lens,  Galvo  
galvanometer,  M  mirror,  E  rigid endoscope       
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vibration noted on stroboscopy. This information helps to predict 
the consequence of lesions or interventions on phonation. 
However, the diagnostic sensitivity and specifi city of endoscopy 
with videostroboscopy is low, as examination is limited to a surface 
view of the vocal folds. Thus, noninvasive diagnostic technology is 
needed to characterize the laryngeal mucosal wave in 3D during 
phonation. Correlation of high-resolution cross- sectional OCT 
images with vibratory characteristics of the laryngeal mucosa (e.g., 
frequency, amplitude) may lead to better understanding of how 
lesions or interventions affect the mechanical properties of laryn-
geal mucosal tissue and alter phonation. 

 In 2006, Luerssen’s group fi rst reported in vivo TD-OCT 
(central wavelength  λ  = 1300 nm) of the vocal folds during phona-
tion [ 32 ]. A fi ber-based OCT probe was integrated into a beam 
path of a laryngoscope to capture images in noncontact mode with 
a scanning rate of 10 Hz (resolution 10–20 μm). By measuring 
oscillation peaks in relation to scanning time, they were able to 
calculate vibrational frequency. Later, Yu et al. used a swept-source 
FD-OCT system to image vocal fold oscillation at 40 frames/s 
[ 53 ]. The higher frame rate allowed for minimization of motion 
artifact and dynamic vibration of the vocal folds. In seated, non-
anesthetized patients, an OCT probe attached to a laryngoscope 
was inserted through the oral cavity and centered above the larynx. 
Their device allowed for dual-channel endoscopic and video-rate 
OCT imaging of the vocal folds. In both studies, vibration param-
eters such as frequency and amplitude were calculated from indi-
vidual OCT frames. In 2011, Wong and Chen’s group demonstrated 
OCT and optical Doppler tomography (ODT) of vibrating focal 
folds using a swept-source FD-OCT system (center wavelength 
 λ  = 1050 nm) with an imaging speed of 100 frames/s [ 59 ]. Their 
system extended the limit for high-speed functional OCT with 
image frames rate near that of physiologic fundamental frequencies 
(females 200 Hz, males 120 Hz). 

 Typically, however, imaging speeds of OCT systems are insuf-
fi cient to directly capture vocal fold oscillation in the audio fre-
quency range. To answer this challenge, Chang et al. reported 
motion-triggered laser scanning to capture four-dimensional (4D) 
images of vibrating ex vivo calf larynges [ 60 ]. Their modifi ed OCT 
system acquired multiple A-lines over a single oscillation cycle at a 
frequency of 100 Hz before shifting to the adjacent transverse 
location. This method of data acquisition allows for temporal and 
spatial registration of A-lines to yield phase-aligned snapshots  of 
  tissue oscillation over a complete vibratory cycle. Hence, the imag-
ing frequency range is determined by the A-line rate (up to 
200 kHz) instead of the OCT  system   frame rate. Additional stud-
ies of triggered laser scanning of vibrating laryngeal tissue are 
reported in the literature [ 61 ].  
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   Neonatology and Pediatrics 

   The neonatal and  adult   larynges differ signifi cantly in both 
structural and microanatomic aspects. In the newborn airway, the 
larynx sits higher up and more anteriorly while the circumferential 
cricoid results in a cross-sectional narrowing of the airway at the 
subglottis [ 62 ]. Newborn VF mucosa consists of a uniform, 
monolayered LP composed of ground substances (hyaluronic acid, 
fi bronectin, fi broblasts, collagenous and elastic fi bers), less fi brous 
components, and no vocal ligament [ 63 ]. During the adolescent 
years, the LP matures into a layered microstructure. The delicate 
mucosa of the newborn larynx, coupled with the unique anatomical 
confi guration of the airway, make the newborn laryngeal and 
subglottic tissues susceptible to injury following long-term 
intubation or gastroesophageal refl ux. 

 Boseley et al. used pediatric cadaveric larynges to describe the 
maturation of the vocal fold. They noted a differentiation from the 
monolayered LP into a bilaminar structure beginning by 2 months 
of age. Transition into a trilaminar structure occurs between ages 1 
and 5 years, with full maturation into the adult molecular composi-
tion occurring around age 13 [ 64 ]. However, it is unknown exactly 
when these transitions occur and thus diffi cult to estimate at what 
age microsurgical techniques can be used without affecting phona-
tion. OCT’s ability to evaluate the subepithelial  microstructure   of 
the pediatric larynx can allow clinicians to assess stage of laryngeal 
development and develop individualized treatment plans.  

   Given the unique anatomical  c  onfi guration of the neonatal airway, 
patients requiring long-term endotracheal intubation and mechan-
ical ventilation are at risk for subglottic mucosal injury. In manag-
ing neonates with suspected subglottic stenosis, pediatric 
otolaryngologists do not have means to comprehensively evaluate 
the airway without subjecting patients to general anesthesia and 
further airway instrumentation. Direct laryngoscopy and bron-
choscopy is the gold standard for diagnosis of SGS [ 65 ]. However, 
this procedure may lead to further mucosal abrasion (removal and 
reinsertion of endotracheal tube, endoscope contact with airway 
mucosa) and is limited to a view of surface anatomy. Furthermore, 
risks of general anesthesia in patients with preexisting cardiopul-
monary insuffi ciencies must be considered. These factors, com-
bined, often lead to a delay in diagnosis of SGS and increased 
morbidity. Thus, there exists a need for a less invasive imaging 
modality which can characterize the subepithelial tissue of the sub-
glottis and identify precursors to subglottic stenosis.  

   In 2007, Ridgway et al. were  the   fi rst to use OCT to image the 
pediatric upper aerodigestive tract. Using a fi ber-based OCT sys-
tem, they imaged 15 pediatric patients during operative endoscopy 
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at various airway landmarks with a fl exible, handheld probe posi-
tioned manually or with endoscopic guidance. Layered microstruc-
ture of normal laryngeal and subglottic tissue and distinct pathologic 
changes (mature scar, granulation tissue, edema, ulceration) were 
identifi ed on OCT and correlated with endoscopic photographs 
[ 66 ]. The following year, the same group conducted in vivo OCT 
of the larynx in intubated neonates to identify tissue microstructure 
of the larynx, subglottis, and proximal trachea. This data provided 
a framework for using OCT to identify subepithelial injury at the 
subglottis in neonates under long-term intubation [ 67 ]. 

 Boudoux et al. conducted ex vivo imaging of  both   pediatric 
and porcine larynges using FD-OCT, spectrally encoded confocal 
microscopy, and full-fi eld optical coherence microscopy followed 
by comparison with histologic section. They noted that the com-
bined application of OCT with confocal microscopy allows for 
comprehensive evaluation of subepithelial microstructure and cel-
lular and subcellular components of the vocal folds. Combined, 
these modalities may allow for longitudinal analysis of vocal fold 
development and differentiation [ 68 ,  69 ].   

   OCT Limitations 

 The primary  limitation   of OCT imaging of the larynx is the depth 
of signal penetration. Current OCT systems offer optical penetra-
tion depths of up to 1–2 mm. As benign and malignant processes 
are differentiated by depth of invasion and disruption of the base-
ment membrane, achieving adequate signal penetration is critical to 
providing a defi nitive diagnosis of laryngeal pathology. Larger, 
 exophytic lesions of greater than 2 mm depth cannot be identifi ed 
to their full extent, limiting the diagnostic sensitivity of 
OCT. Furthermore, certain tissue interfaces (e.g., cartilage, bone) 
with high optical scattering or absorption properties impede  photon 
penetration and cast a distal shadow within A-lines, further limiting 
diagnostic sensitivity in such tissues. Additional factors which limit 
image quality include physician hand tremor and patient movement 
during offi ce-based OCT, or equipment vibrations which may all 
translate into image distortion of far greater magnitude. Lastly, the 
OCT resolution limit (approximately 10 μm) precludes evaluation 
of laryngeal microanatomy at the cellular level. This degree of 
microanatomical analysis is fundamental for differentiation between 
dysplastic, precancerous, and cancerous lesions, necessitating formal 
histopathologic analysis for a defi nitive diagnosis of malignancy. 

 At present, near-contact sampling probes offer the best OCT 
image resolution, clarity, and diagnostic sensitivity. This method of 
imaging requires general anesthesia for OCT under microlaryn-
goscopy or adequate topical anesthesia for awake, offi ce-based 
laryngeal OCT. However, offi ce-based near-contact imaging may 
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not be well tolerated by all patients, given the risk of paroxysmal 
airway reactions such as coughing, gagging, or choking. While 
these reactions may be self-limiting and the incidence of true laryn-
gospasm is rare, noncontact imaging may cause discomfort or anxi-
ety to some patients. Current efforts are focused on developing full 
range OCT systems using vertical-cavity surface-emitting lasers 
(VCSEL), which may ultimately allow for transoral imaging of the 
vocal cords from a sampling  arm   cantilevered in the oropharynx 
while maintaining current spatial resolution.  

   Malignancy 

 OCT has been  shown   to provide detailed microanatomical infor-
mation about the laryngeal epithelial layer and integrity of the BM 
and LP [ 29 – 31 ]. By identifi cation of small foci of BM breakdown, 
OCT can identify premalignant or invasive cancerous lesions with 
high sensitivity [ 70 ,  71 ]. In 1997, Sergeev et al. were the fi rst to 
study normal and cancerous tissue of the larynx and reported a 
“loss of normal tissue stratifi cation in tumors” [ 19 ]. Later, Shakhov 
et al. conducted TD-OCT in 26 patients with small laryngeal squa-
mous cell carcinomas. Similarly, they described a stratifi cation of 
layered tissue within mucosa of the healthy larynx, the disappear-
ance of which signifi es pathologic changes [ 26 ]. Further OCT 
studies on premalignant and malignant lesions of the larynx are 
illustrated and reviewed elsewhere in this text [ 39 ,  43 ,  70 ].     
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    Chapter 36   

 Optical Coherence Tomography of Malignancies 
of the Head and Neck                     

     Giriraj     K.     Sharma     ,     Marc     Rubinstein    ,     Christian     Betz     , and     Brian     J.-F.     Wong          

    Introduction 

 In 2014, The American Cancer Society estimates over 42,000 new 
cases of oral and pharyngeal cancer, and over 12,000 new cases of 
laryngeal cancer will be diagnosed in the United States [ 1 ]. The 
majority of these malignancies are head and neck squamous cell 
carcinomas ( HNSCC)  , a particularly aggressive form of cancer, for 
which  tobacco and alcohol   use are major risk factors. Despite  novel 
molecular targeting therapies   (e.g., epidermal growth factor recep-
tor), expanded roles for chemotherapy (e.g., neoadjuvant treat-
ment for laryngeal cancer), and new irradiation techniques (e.g., 
hyperfractionated radiotherapy), the long-term survival rates for 
advanced-stage HNSCC remain low [ 2 ,  3 ]. Between 2004 and 
2010, 65 % of the newly diagnosed cancers of the oral cavity (OC) 
and pharynx were advanced-stage tumors (regional or distant 
metastasis); 40 % of laryngeal cancers were in advanced stage [ 4 ]. 
One explanation for the delayed diagnosis of head and neck cancer 
is that many early stage cancerous lesions are subtle and do not 
demonstrate clinical characteristics of advanced lesions including 
ulceration, induration, pain or associated cervical lymphadenopa-
thy [ 5 ]. Furthermore, premalignant lesions are often undetectable 
to the naked eye and are highly heterogeneous in presentation, 
frequently mimicking benign or reactive conditions. Hence, a 
practical and accurate imaging modality which may improve the 
incidence of early stage diagnosis and allow for screening of head 
and neck cancer is needed. 

 Diagnostic evaluation of head and neck cancer patients begins 
with a thorough history and physical examination. The head and 
neck examination includes visual and digital assessment of hard 
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and soft tissues within the OC and oropharynx (OP)   . Examination 
of the pharynx and larynx may be accomplished with an indirect 
mirror examination or, for more comprehensive evaluation, with 
transnasal fl exible laryngoscopy.  Panendoscopy   (bronchoscopy, 
esophagoscopy, and direct laryngoscopy) is often performed for a 
more thorough preoperative assessment and tumor staging. All 
aforementioned diagnostic techniques provide information on the 
color and surface pattern of mucosal tissue only and therefore are 
unable to detect  subepithelial pathology  . Computed tomography 
(CT), positron emission tomography CT (PET-CT), and magnetic 
resonance (MR) imaging are commonly used imaging modalities 
in the management of head and neck cancer. However, these tech-
nologies lack adequate spatial resolution to differentiate between 
benign, premalignant, and malignant lesions at the substructural 
or cellular level. Screening of the OC for cancerous lesions may be 
attempted with toluidine blue staining, fl uorescence staining, exfo-
liative cytology, and brush biopsy [ 6 ]. However, these tests lack 
standardized methodology, have variable reported diagnostic 
 sensitivity and specifi city, or lack randomized controlled trials. 

 Histopathological analysis of excised tissue remains the gold 
standard of care for achieving a defi nitive diagnosis of suspicious 
lesions. However, offi ce-based or operative biopsy is not a prag-
matic option for routine screening. A single lesion may require 
multiple biopsies to avoid overlooking the most dysplastic region 
of pathology.  Biopsy   is also associated with patient morbidity and 
may pose risk for long-term speech or swallowing sequela. Hence, 
a less invasive imaging modality which can delineate mucosal sub-
structure in vivo, identify tumor margins and screen for occult foci 
of pathology has the potential to improve the management of head 
and neck cancer patients.  

    Principles of OCT   

 OCT is a minimally invasive imaging modality which combines 
nonionizing near-infrared light with principles of low coherence 
interferometry [ 7 ]. A light source (e.g., laser or superbright light 
emitting diode) is split into a reference arm (mirror) and a sample 
arm (biological sample). Back-refl ected light from each path is 
recombined and detected to construct a two-dimensional refl ectiv-
ity profi le (A-line) as a function of tissue depth with up to 2 mm 
optical penetration. Adjacent A-lines are combined to yield 
 high- resolution (~10 μm), 3D cross-sectional images of tissue. 
Early OCT systems were developed using a time-domain 
(TD-OCT) confi guration. Later, OCT systems based on Fourier-
domain (FD-OCT) detection were constructed, either with a spec-
trometer confi guration (spectral-domain OCT) or a frequency-swept 
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source (swept-source OCT). FD-OCT systems spectrally resolve 
the interference signal to measure the echo time delay of backscat-
tered light. The advantages of FD-OCT over TD-OCT include 
faster imaging speeds, higher sensitivity, and greater resolution 
[ 8 – 10 ]. Polarization-sensitive OCT (PS-OCT) augments conven-
tional OCT by detecting changes in the polarization state of 
refl ected light [ 11 ,  12 ]. 

 OCT imaging of laryngeal  tissue   can be accomplished in con-
tact or near-contact modes using an endoscopic probe during 
operative microlaryngoscopy or offi ce-based upper-airway endos-
copy. Some research groups have evaluated long-range imaging of 
the vocal folds by integrating OCT sampling arms with operative 
microscopes, while others have adapted handheld laryngoscopes 
for transoral endoscopic OCT imaging of the larynx.  

   Oral and Pharyngeal Cancer 

 The OC and pharynx are the most common sites for neoplasm of 
the head and neck.  Precancerous lesions   include leukoplakia 
(white), erythroplakia (red), mixed red-white lesions, and verru-
cous hyperplasia.  Leukoplakias   develop in 1–4 % of the population, 
with malignant transformation in approximately 0.13–33 % of these 
lesions [ 13 ,  14 ]. Up to 85 % of erythroplakias carry risk for malig-
nant transformation [ 14 ]. Accurate differentiation between benign, 
premalignant and malignant pathology requires assessment of the 
structure and integrity of the epithelium and subepithelial layers. 
Potential applications of OCT in the management of oral and pha-
ryngeal cancer include identifi cation of  transition zones   between 
different histological states (e.g., defi nition of tumor margins to 
guide therapy), evaluation of basement membrane integrity for sus-
picious lesions and longitudinal monitoring of disease progression. 
Figure  36.1  depicts OCT images from normal and cancerous tissue 
of the fl oor of the mouth, acquired by Betz’s group (Munich, 
Germany) using a commercially available system. A loss of layered 
substructural integrity is noted in cancer tissue, secondary to the 
downgrowth of malignant epithelial cells and breakdown of the 
basement membrane. The transition  zone   between both regions is 
demonstrated in Fig.  2  using a research TD-OCT system.

      The hamster cheek model is frequently used to evaluate OCT of 
premalignant and malignant lesions followed by image correlation 
with histological section [ 15 – 24 ]. In 2004, Matheny et al. reported 
in vivo and, following excision, in vitro OCT (central wavelength 
 λ  = 1310 nm) and optical Doppler tomography (ODT) of induced 
dysplasia and malignancies in hamster cheek pouches [ 16 ]. Their 
OCT images of dysplastic lesions demonstrated epithelial thickening 

  Animal and Ex Vivo 
Studies  
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into the underlying connective tissue; cancerous regions appeared 
to have higher levels of scattering and absorption, thus reducing the 
overall optical penetration depth in these tissues. In 2011, Ahn et al. 
performed longitudinal in vivo FD-OCT (center wavelength 
 λ  = 1310 nm) to image the development of carcinogenesis including 
epithelial migration, loss of basement membrane integrity, and sub-
epithelial invasion [ 23 ]. Multiple reports of OCT of precancerous 
and cancerous lesions of the human OC in the immediate ex vivo 
phase have allowed for diagnostic sensitivity and specifi city measure-
ment by direct comparison with histopathology [ 25 – 29 ].  

   In vivo OCT evaluation of normal human OC/OP mucosa is 
described in the literature [ 30 – 34 ]. These reports have helped 
establish standards for OCT-based identifi cation of  substructural 

 Clinical Studies

  Fig. 1    OCT images of normal  epithelial tissue   ( a ) and squamous cell carcinoma ( b ) from the fl oor of the mouth, 
acquired from a commercially available system.  SS  nonkeratinized stratifi ed squamous epithelium,  BM  base-
ment membrane,  LP  lamina propria,  CA  cancer.  White bar  = 1000 μm       

  Fig. 2    OCT images of normal  epithelial tissue   ( a ) and the transition zone ( b ) between normal tissue and squa-
mous cell carcinoma of the fl oor of mouth, acquired from a research system.  SS  nonkeratinized stratifi ed 
squamous epithelium,  BM  basement membrane,  LP  lamina propria,  TZ  transition zone,  CA  cancer.  White 
bar  = 1000 μm       
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tissue layers   within the OC and OP and provide a reference for 
differentiating noncancerous from cancerous lesions. In vivo 
human studies have demonstrated the effi cacy of OCT in differen-
tiating  premalignant and malignant lesions   of the OC/pharynx 
[ 35 – 39 ]. In 2006, Ridgway et al. imaged normal and pathologic 
lesions within the OC and OP in 41 patients using a TD-OCT 
system (central wavelength  λ  = 1310 nm) and a fl exible endoscopic 
probe mechanically supported in a rigid, stainless steel cylinder 
[ 36 ]. Their  OCT images   of histologically proven oral cancer 
depicted ablation of subepithelial tissue and a progressive loss of 
layering and basement membrane integrity at tumor margins. Tsai 
et al. performed in vivo swept-source FD-OCT in 32 patients to 
evaluate OC lesions at different oncologic stages [ 37 ]. By comput-
ing the lateral variation of multiple A-line parameters (standard 
deviation of signal intensity fl uctuation, exponential decay con-
stant, epithelial thickness), their image analysis offered objective 
diagnostic indicators to differentiate between premalignant and 
malignant lesions.  

    Field cancerization   describes the process in which an invasive can-
cer within a mucosal surface is surrounded by multiple molecular 
lesions with cancer-associated genetic or epigenetic alterations [ 40 , 
 41 ]. With high resolution and high diagnostic sensitivity, OCT has 
the unique capability of identifying transition zones between nor-
mal and cancerous subepithelial tissue and the potential to detect 
subclinical pathologic foci [ 18 ,  23 ,  25 ]. Tsai et al. used a swept-
source FD-OCT system (central wavelength  λ  = 1310 nm, axial 
resolution 8 μm) to image OC cancer ex vivo and analyzed the 
lateral variation of A-scan profiles across the margin of lesions [ 25 ]. 
Intensity decay constants were calibrated by plotting exponential 
fitting curves of OCT signal intensity as a function of tissue depth. 
Their data showed a decreasing trend of the decay constant as the 
A-line scan point moved across the margin from normal to abnor-
mal tissue. Secondly, they analyzed the fluctuation extent (standard 
deviation) of OCT signal intensity in A-scans; this parameter 
increased significantly as the A-line scan point was moved across 
the transition zone from normal to abnormal tissue. Hence, OCT 
has potential as a screening tool for identifying margins of disease, 
satellite foci, or neighboring secondary tumors within the upper 
aerodigestive tract.   

   Laryngeal Cancer 

 The larynx is the second most common site for malignancy in the 
upper aerodigestive tract, with over 12,000 new cases annually in 
the United States [ 1 ]. Approximately 85–95 % of malignant laryn-
geal tumors are squamous cell carcinomas ( SCC)   [ 42 ]. The layered 
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microanatomy of the  vocal fold   is described in the literature and 
reviewed elsewhere in this text [ 43 ]. While excisional biopsy 
remains the gold standard for diagnosis of suspicious lesions, this 
procedure may result in soft tissue defi cits and/or vocal fold scar-
ring, both events which may adversely affect postoperative voice 
quality [ 44 ]. OCT offers a less invasive means of acquiring an 
“ optical biopsy”   to assess the structural architecture of the vocal 
fold. Similar to applications in the OC/pharynx, OCT of laryngeal 
precancerous or cancerous lesions would allow for delineation of 
tumor margins to guide laser therapy or excisional biopsy, evalua-
tion of basement membrane integrity and penetration depth for 
suspicious lesions, and monitoring of disease progression. The 
 transition zone   between normal laryngeal epithelial tissue and SCC 
is marked by a gradual loss of basement membrane, which sepa-
rates the optically distinct stratifi ed  squamous epithelium and lam-
ina propria   (Fig.  3 ). OCT of laryngeal SCC demonstrates a lack of 
clear epithelial borders, without delineation of a basement  mem-
brane   (Fig.  4 ).

    comprehensive review of research in OCT imaging of vocal fold anat-
omy and vibrational parameters is provided in an alternate chapter in 
this text. Select laryngeal OCT studies in porcine and primate models 
are included here for review purposes [ 45 – 48 ]. These reports provided 
a basis for understanding OCT-based delineation of the layered micro-
structure of the vocal fold. Additional reports of OCT in human  ex vivo  
larynx specimens are described [ 49 ,  50 ]. 

     In 1997, Sergeev et al. fi rst reported in vivo endoscopic OCT of 
healthy and cancerous laryngeal tissues under direct laryngoscopy 
in the operating room [ 51 ]. Their TD-OCT system (central wave-
length  λ  = 830 nm, scanning rate 30 cm/s) included a fl exible sam-
pling arm integrated into the working channel of a standard 

  Clinical Applications  

  Fig. 3    OCT image of the transition  zone   between normal epithelium and squamous cell carcinoma of the true 
vocal fold, acquired from a research system ( a ) and a commercially available system ( b ).  SS  stratifi ed squa-
mous epithelium,  LP  lamina propria,  BM  basement membrane,  TZ  transition zone,  CA  cancer.  White 
bar  = 1000 μm       
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endoscope. The distal fi ber tip was positioned 5–7 mm away from 
the tissue of interest and swung by a galvanometric plate to scan 
tissue in a lateral motion with a 2 mm wide optical beam. Their 
results contrasted healthy and cancerous laryngeal tissue using 
OCT, revealing a disruption of substructural anatomy and a greater 
degree of optical backscattering and vascularization in tumor tissue. 
Similar experiments of tandem OCT-endoscopy of the larynx have 
been described for operative and offi ce-based settings [ 52 ,  53 ]. 

 Multiple groups have performed OCT of  laryngeal   cancer dur-
ing microlaryngoscopy and operative endoscopy by manually 
inserting a fi ber-based probe through the lumen of a surgical 
laryngoscope or mechanically integrating the probe with a laryn-
goscope [ 54 – 60 ]. In 2001, Shakhov et al. used endoscopic 
TD-OCT to identify laryngeal tumor margins during microlaryn-
goscopy and transoral laser surgery [ 54 ]. They noted that OCT 
allowed for identifi cation of tumor margins up to 3 mm beyond 
the margins visually identifi ed under microlaryngoscopy. Kraft 
et al. prospectively compared the intraoperative diagnosis of 217 
laryngeal lesions including 41 precancerous and 46 malignant 
lesions using microlaryngoscopy with and without OCT; all diag-
noses were confi rmed with histopathology [ 57 ]. During microlar-
yngoscopy, the surgeon used a handheld applicator to apply the 
probe in direct contact with laryngeal tissue. They determined that 
microlaryngoscopy with OCT yielded a correct diagnosis in 93 % 
of malignant lesions and correctly predicted the exact grade of dys-
plasia in 71 % of lesions. Microlaryngoscopy with OCT presented 
a higher sensitivity than microlaryngoscopy alone in predicting 
invasive tumor growth (93 % vs. 87 %) and epithelial dysplasia 
(78 % vs. 66 %). 

 Vokes et al. fi rst described OCT integrated with a surgical 
microscope to conduct hands-free, noncontact imaging of the 
vocal cords in 10 patients, including fi ve cases of laryngeal SCC 
[ 61 ]. The fi ber terminus of their sampling arm was positioned 

  Fig. 4    OCT images of squamous cell  carcinoma   of the true vocal folds, acquired from a research system ( a ) 
and a commercially available system ( b ).  CA  cancer.  White bar  = 1000 μm       
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40 cm from laryngeal tissue, limiting the lateral resolution (50 μm) 
as a result of diffraction. Nonetheless, their OCT images delin-
eated the epithelium-lamina propria border and provided cross- 
sectional images to a depth of 1.6 mm. The integrated, hands-free 
OCT-microscope system offered multiple advantages compared to 
handheld contact or near-contact OCT probes: (1) minimizing of 
motion artifact, (2) eliminating OCT instrumentation in the body 
of a laryngoscope and, as a result, (3) offering surgeons an improved 
fi eld of view. Just et al. integrated a commercially available FD-OCT 
system (Spectral Radar; Thorlabs HL AG, Lubeck, Germany; cen-
tral wavelength  λ  = 840 nm) with the camera port of an operating 
microscope to image suspicious laryngeal lesions during microlar-
yngoscopy [ 60 ]. By adjusting the zoom on their OCT-microscope 
system they were able to control the size of the lateral imaging fi eld 
(2–8 mm). They noted additional advantages over endoscope- 
based OCT systems, including a longer working distance and visu-
alization of the scanning plane with a pilot beam which allowed for 
unobstructed, precise localization of biopsy sites. 

 In 2005, Luerssen et al. fi rst reported offi ce-based OCT of 
normal vocal cords using a contact endoscopic probe [ 45 ]. Later 
generations of offi ce-based OCT systems included integration of 
the sampling arm with a handheld rigid laryngoscope [ 48 ,  62 ]. 
With an increasing number of laryngeal diagnostic and therapeutic 
procedures being conducted in offi ce-based settings, OCT of the 
laryngeal airway in the awake patient has considerable utility for 
monitoring lesions, real-time  identifi cation   of pathologic margins 
and guidance for offi ce-based excisional biopsy or laser therapy.   

   OCT  Limitations   

 While advanced generations of OCT technology have led to higher 
resolution, imaging speeds, and diagnostic sensitivity, a number of 
factors preclude OCT to serve as an independent diagnostic imag-
ing modality. A primary limitation of OCT in the diagnosis of 
 cancer is the optical penetration depth. Achieving adequate signal 
penetration to assess basement membrane integrity is critical to 
 differentiating dysplastic lesions such as hyperkeratosis from malig-
nancy. Most research and commercial systems report a maximum 
imaging depth of 2 mm. Larger, exophytic lesions which exceed 
OCT signal range cannot be identifi ed and require biopsy for 
 confi rmation of diagnosis. Secondly, despite the ability to delineate 
substructural features, most OCT systems lack adequate resolution 
to resolve cellular (e.g., cellular maturation) and subcellular features 
(e.g., nuclear pleomorphism). Hence, OCT may not adequately 
and independently differentiate subtle lesions such as benign dys-
plasia and carcinoma-in-situ where invasion is not present. Ultra-
high resolution OCT systems (axial resolution 1–5 μm) may offer 
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promise for cellular resolution. Lastly, technical issues such as 
motion artifact (minimized with video-rate imaging speeds), probe 
stabilization, probe signal strength, and imaging range may all 
affect OCT image quality.     
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    Chapter 37   

 Early Detection and Diagnosis of Oral Premalignant 
Squamous Mucosal Lesions                     

     Nadarajah     Vigneswaran      and     Adel     K.     El-Naggar         

      Background 

 Head and neck squamous cell carcinoma ( SCC  ) arises from the 
squamous mucosal lining of the oral cavity, oropharynx, and larynx 
and is the sixth most common cancer with an estimated 500,000 
new cases diagnosed annually worldwide [ 1 ]. SCC of the oral cav-
ity accounts for ~15 % of all head and neck malignancies, leading to 
7000 deaths per year in the USA [ 2 ,  3 ]. Risk factors for oral SCC 
include smoking and chewing tobacco, betel quid, heavy alcohol 
consumption, and chewing. Recently, a new category of SCC that 
typically affects the oropharyngeal mucosa and caused by human 
papillomavirus (HPV) has been recognized [ 4 ]. The tongue is the 
most common site for oral cancer among European and US popu-
lations, accounting for 40–50 % of oral cancers [ 2 ,  5 ], and the 
buccal mucosa is the most common site of the Indian subcontinent 
due to betel quid/tobacco chewing habits [ 5 ]. In the Indian sub-
continent and neighboring countries, oral cancer ranks fi rst in 
prevalence among all cancers in males and third in females [ 5 ]. 
In south-central Asia, oral cancer is one of the three most common 
types of cancer. Recent epidemiologic data shows sharp increases in 
the incidence of oral cancer reported in European countries, and to 
a lesser extent, the USA. Morbidity and mortality from oral cancer 
are strongly dependent on the stage at diagnosis, with the average 
survival rate decreasing from 80 %, when the tumors are limited to 
the primary site, to 50 % for tumors with regional metastatic dis-
ease and to 30 % for metastatic disease [ 2 ,  3 ]. In the USA, there 
has been only marginal improvement in the 5-year survival rates for 
oral cancer since 1975. 
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 Early diagnosis of oral cancer signifi cantly reduces treatment-
related morbidity and improves overall long-term survival [ 6 ,  7 ]. 
Patients with oral cancers are at risk of developing second primary 
tumors and  one- fourth of all oral cancer-related deaths are caused 
by second primary tumors [ 8 ]. Moreover, in developing countries, 
oral cancer patients tend to be diagnosed at a later stage than in 
developed countries. Early detection one of the best effective 
means to improve survival and quality of life for oral cancer patients 
worldwide. Therefore, close surveillance of patients who were suc-
cessfully treated for oral cancer is critical for early detection of 
recurrences and/or second primaries. It is widely realized that 
screening high-risk populations and the early detection of oral can-
cer and its precursors are critical to combat this cancer. 

 The stated objectives of the  International Agency for Research 
on Cancer  ,  American Cancer Society  , and WHO is to reduce by 
one third of the predicted 15 million cancer cases by detecting and 
treating these cancers at their preneoplastic levels [ 9 ]. Oral cancer 
is an ideal subject for this strategy for the following reasons: (1) 
oral cavity provides easy access for clinical inspection and (2) oral 
cancer development is preceded by visible mucosal changes [ 10 ]. 
The goal of oral cancer screening is to predict potentially pregresive 
early lesions and to provide more timely interventions to reduce 
morbidity and mortality. 

  Screening for Oral Cancer   Individuals risks for developing oral 
cancer are determined based on the length of tobacco and alcohol 
use. Oral cancer screening is based on a practitioner assessment of 
asymptomatic individual to determine if he or she is likely to have 
an oral cancer or its precursors [ 11 ]. Screening for oral cancer can 
be population based, or through screening of patients attending a 
healthcare provider on routine visits [ 12 ].  

 An effective screening program must address three critical 
issues: (1) Do early detection and intervention improve outcome? 
(2) Is the screening test practical and reproducible? (3) Feasibility 
and cost of implementing a screening program [ 13 ]. Oral cancer is 
an ideal target for early detection screening. Therefore, the detec-
tion of early lesions by clinical examination in high-risk patients 
may lead to substantial reduction in the incidence of oral SCC. The 
United States Preventive Services Task Force (USPSTF) recently 
concluded that for adults 18 years or older attending a primary 
care setting, the “current evidence is insuffi cient to assess the bal-
ance of benefi ts and harms of screening for oral cancer in asymp-
tomatic adults.” There is, however, strong and empirical evidence 
for the effi cacy of oral cancer screening that is further supported by 
the input from clinical specialists who deal with the diagnosis and 
treatment of oral cancer in the USA. Accordingly,  Evidence-Based 
Clinical Recommendations Regarding Screening for Oral Squamous 
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Cell Carcinomas , published by the American Dental Association 
(ADA) Council on Scientifi c Affairs, supports routine visual and 
tactile examination for oral cancer screening and its precursors in 
high-risk patients [ 11 ]. For successful programs, therefore, all oral 
healthcare professionals should be knowledgeable of the oral can-
cer risk factors, its precursors, and their mimics in order to perform 
an effective oral cancer screening. Moreover, although clinical 
examination and histologic assessment of the abnormal lesions 
remain the main methods for screening and early diagnosis of oral 
cancer, these methods are not widely available and costly for an 
effective screening program. New noninvasive tools for rapid and 
affordable screening and early diagnosis are emerging. Accordingly, 
the combined application of these new techniques with conven-
tional methods will lead to substantial improvement in this fi eld.  

    Oral Cancer Precursors 

 Similar to common   solid epithelial    malignancies,  oral   squamous 
cell carcinoma development is a multistep process often preceded 
by precursors which are commonly known as precancerous or pre-
malignant lesions. The expert working group of WHO 
Collaborating Center for Oral Cancer and Precancer on the termi-
nology, defi nitions, and classifi cations recently recommended the 
use of the term “potentially malignant disorder (PMD)” that 
includes premalignant lesions and conditions that have increased 
risk for malignant transformation [ 14 ]. Premalignant lesions are 
defi ned as morphologically altered oral mucosae in which oral can-
cer is more likely to develop and include leukoplakia, erythropla-
kia, and palatal keratoses [ 14 ,  15 ]. Premalignant conditions are 
oral cavity states that are associated with a substantially increased 
risk for oral cancer and include actinic keratosis, oral submucous 
fi brosis, and lichen planus [ 14 ]. 

 Risk factors including tobacco and alcohol abuse are com-
monly associated with the development of white (leukoplakia) or 
red (erythroplakia) patches or plaques. Although the majority of 
leukpllakia are non-progressive a subset of these lesions often prog-
ress and develop invasive squamous carcinoma. Currently,    there 
 are   no known precursor lesions for HPV-associated oropharyngeal 
cancer [ 16 ].  

    Premalignant Lesions 

     (a)     Leukoplakia:   Leukoplakia      is the most common and best- 
known clinically recognizable oral mucosal abnormalities 
PMD, accounting for 85 % of all oral premalignant lesions 
(Figs.  1 ,  2 ,  3  and  6 ). On visual basis, leukoplakia is defi ned as 
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  Fig. 1    Comparison of an  oral      mucosal lesion with images of two commercially available tissue autofl uores-
cence visualization devices. ( a ) Physical appearance by oral examination leukoplakia ( arrow  posterior buccal 
mucosa). ( b ) Autofl uorescence visualization ( arrows ) using VELscope and ( c ) Identafi  3000 visualization of loss 
of fl uorescence ( dark area )       

  Fig. 2    ( a ) Faintly visible leukoplakia ( arrow ) in the left lateral surface of the tongue. ( b ) Autofl uorescence imag-
ing of the same lesion using VELscope with loss of fl uorescence ( arrow ). ( c ) Mild hyperkeratotic dysplasia on 
microscopic examination (×100)       

  Fig. 3    ( a ) Localized leukoplakia ( white circle ) in the right posterior lateral surface of the tongue. 
( b ) Autofl uorescence imaging of the same lesion using VELscope demonstrates loss of fl uorescence extending 
to a larger area ( white circle ) beyond that seen on visual examination. ( c ) Moderate dysplasia by microscopic 
examination (×100)       

 

 

 

Nadarajah Vigneswaran and Adel K. El-Naggar



605

a white patch or plaque that cannot be rubbed off and cannot 
be diagnosed clinically or histopathologically to any specifi c 
disease [ 17 ]. Hereditary-, reactive-, infectious-, and immune-
mediated disorders presenting as intraoral white patches or 
plaques mimicking leukoplakia are listed in Table  1  [ 17 ]. 
Therefore, leukoplakic lesions that persist for more than 1 
month despite conventional treatment should be subjected to 
histologic evaluation. The risk of malignant transformation of 
leukoplakias varies markedly and is dependent on the follow-
ing factors:

 ●    Etiology (smoking and/or alcohol use versus idiopathic)  
 ●   Clinical presentation  
 ●   Location  
 ●   The presence and degree of dysplasia   

      In rare instances, patients may present with leukoplakia with-
out history of known risk factors and is considered as idiopathic 
leukoplakia. [ 18 ]. 

 Leukoplakias most frequently occur at a single site (local-
ized leukoplakia) and are more common in men and are asso-
ciated with smoking. Localized leukoplakias presenting at a 
single site have two distinct clinical forms, namely, homoge-
nous and nonhomogenous types, which are classifi ed based on 
their visual appearance. Homogenous leukoplakias are uni-
formly white fl at (patch) or slightly raised (plaque) lesions and 
exhibit a low malignant transformation risk. Nonhomogenous 
leukoplakias have a verrucous/granular surface, with or with-
out red zones (speckled leukoplakia or erythroleukoplakia), 
and have a higher risk for malignant transformation than 
homogenous leukoplakias. The intraoral site of the leukoplakia 
is a critical factor in determining its malignant transformation 
risk. In the USA and other Western countries, leukoplakias in 

    Table 1  
  Clinical conditions  with      overlapping gross features with leukoplakia   

 Reactive and infectious  Hereditary conditions  Systemic diseases 

 Frictional keratosis  Leukoedema  Lichen/lichenoid lesions 

 Dentifrice desquamation  Hereditary benign/dyskeratosis  Hairy leukoplakia (AIDS) 

 Nicotine stomatitis  White sponge nevus  Lupus erythematosus 

 Smokeless tobacco keratosis  Dyskeratosis congenita  O 

 Submucous fi brosis  O  O 

 Hyperplastic  candidiasis       O  O 
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the fl oor of the mouth, soft palate, and lateral/ventral surfaces 
of tongue have the highest risk for malignant transformation. 
Overall, 9–37 % of leukoplakias are expected to show either 
dysplasia or carcinoma in situ and/or invasive carcinoma at the 
time of biopsy.   

   (b)     Erythroplakia:   Erythroplakia      is defi nitely a preinvasive phase 
of oral mucosal lesions. It presents as a well-defi ned red, raised 
velvety plaque that cannot be characterized clinically as any 
other disease (Figs.  4 ,  5  and  7 ) [ 17 ]. Oral  mucosal   conditions 
that may clinically resemble erythroplakia are listed in Table  2 . 
Erythroplakias frequently occur in older adults in the fl oor of 
the mouth, ventral tongue, and soft palate. Frequently, eryth-
roplakias are associated with adjacent leukoplakias (erythroleu-
koplakia) in geographic and multifocal oral leukoplakia. For 
accurate diagnosis, biopsies must be taken from the erythro-
plakic areas. Histopathologically, full thickness dysplasia of the 
squamous epithelium must be present.

  Fig. 4    ( a ) Erythroplakia ( arrow ) of  the      right hard palate. ( b ) Autofl uorescence imaging of the same lesion by 
VELscope, complete loss of fl uorescence in the lesion ( arrow ). ( c ) Invasive squamous carcinoma by micro-
scopic examination (×100)       

  Fig. 5    ( a ) Oral  submucous fi brosis with a   focal erythroplakia ( arrow ) in the left posterior buccal mucosa. ( b ) 
Tissue autofl uorescence imaging of the same lesion by Identafi  3000, complete loss of fl uorescence at the 
erythroplakia ( arrow ) in contrast to adjacent mucosa affected by submucous fi brosis with enhanced fl uores-
cence. ( c ) Superfi cially invasive squamous carcinoma by microscopic examination (×100)       
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             Premalignant Conditions 

     (a)     Proliferative verrucous leukoplakia:  A rare clinical  condi-
tion   characterized by multifocal, proliferative, and progressive 
biological course.  PVL      commonly begins as a simple keratosis 
that eventually becomes verrucous and multifocal involving 
large contiguous sites [ 19 ]. PVL is more common in elderly 
women, frequently involves the gingiva, and is not associated 
with either smoking or alcohol abuse. PVL tends to be 
 persistent and frequently recurs even after surgical removal. 
PVL are high-risk lesions as almost 60–100 % evolve into car-
cinoma over 10–20 years. Moreover, PVL generally lacks spe-
cifi c morphologic features, including the classical microscopic 
features of epithelial dysplasia, making PVL specifi cally a clini-
cal diagnosis. Clinically and microscopically, PVL may mimic 
the plaque variant of lichen planus because of its multifocal 
involvement and frequent presentation of lichenoid infl amma-
tion in the biopsy [ 20 ]. Defi nitive diagnosis depends on a keen 
observation of lesional progression and close communication 
between clinicians and pathologists.   

   (b)     Oral submucous fi brosis(OSF):   OSF   is considered a prema-
lignant condition that is more prevalent among the South 
Asian population with the highest incidence in the Indian sub-
continent (Fig.  5 ). OSF is a chronic, progressive condition 
characterized by diffuse mucosal rigidity due to dense fi brosis 
within the lamina propria and might extend into the underly-
ing skeletal muscle. It is caused by chewing betel quid contain-
ing the areca nut. The extent and severity of this disorder are 
dependent on the amount of areca nut in the betel quid and 
duration and frequency of this habit. Oral submucous fi brosis 
frequently involves the buccal mucosa, tongue, and soft palate. 
The affected mucosal surfaces appear pale and blanching 
marble- like with focal areas of atrophy and erythema (Fig.  5 ). 
Patients are commonly present with trismus, burning sensa-
tion, and xerostomia; diffi culties in speech, mastication, 
and swallowing are experienced at the advanced stages. The 

    Table 2  
  Clinical conditions  mimicking      erythroplakia   

 Reactive and infectious  Neoplastic/others  Systemic disorders 

 Erythematous candidiasis  Hemangioma  Atrophic lichen planus 

 Allergic contact  mucositis       Kaposi’s sarcoma, plaque form  Lupus erythematosus 

 Erythema migrans, tongue  Telangiectasia/purpose  Mucous membrane pemphigoid 
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incidence of malignant transformation of this condition is 
8–12 % over the period of 10–15 years [ 21 ].   

   (c)     Oral lichen planus:  Lichen planus  is   the  most   common 
chronic autoimmune infl ammatory disorder of oral mucosa 
that affects 1–2 % of middle-aged adults. It is more common 
among females and tends to have multifocal lesions, often 
bilateral and symmetric in distribution. It frequently involves 
buccal mucosa, gingiva, and tongue. Based on the clinical pre-
sentation, the following clinical variants of lichen planus are 
recognized:

 ●     Reticular variant (classic pattern) : White striations and/
or papules, asymptomatic, occur frequently in the buccal 
mucosa.  

 ●    Plaque variant:  Thick white plaque clinically resembling 
leukoplakia, asymptomatic, occurs frequently in the dorsal 
surface of the tongue.  

 ●    Erythematous/erosive variant:  Diffuse red areas with focal 
areas of mucosal erosions and atrophy are painful and fre-
quently occur in the gingiva (desquamative gingivitis).  

 ●    Ulcerative/bullous variant:  Diffuse red and white patches 
with a central, chronic, nonhealing ulcer are frequently 
seen in the lateral and ventral surfaces of the tongue and 
buccal mucosa.    

 The malignant potential of oral lichen planus, although con-
troversial, is considered to be low with a rate of 1 % over a 
5-year period [ 22 ]. Oral lichenoid dysplasia may exhibit a 
chronic infl ammatory cell infi ltrate consisting of mostly lym-
phocytes that resembles the chronic infl ammation seen in 
lichen planus; however, it has accompanying epithelial cellular 
alterations consistent with dysplasia [ 23 ,  24 ]. Moreover, the 
plaque variant of lichen planus and PVL may also share similar 
clinical and microscopic features, leading to a misdiagnosis of 
lichen planus [ 19 ].   

   (d)     Fanconi anemia and dyskeratosis congenita:  Fanconi  anemia   
(FA; MIM 227650) and dyskeratosis  congenita   (DC; MIM 
30500,127550, 224230) are two hereditary cancer syndromes 
that predispose to oral cancer at an early age. FA is a chromo-
somal instability disorder inherited as an autosomal or 
X-chromosomal recessive trait due to germ line mutations in one 
of 15 FA genes involved in the DNA repair pathway, resulting in 
increased risks for bone marrow failure, leukemia, and solid 
malignancies [ 25 ]. Oral cancer is the most frequently diagnosed 
solid cancer in FA patients. The risk of oral cancer among  FA   
patients is 800-fold higher than in the general population and 
occurs at a younger age (median age, 27 years) than the general 
population [ 26 ,  27 ]. Frequent oral screenings in FA patients for 
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premalignant lesions are essential to try and reduce morbidity 
from OSCC. Similar to FA,  DC   is also an inherited bone marrow 
failure disorder caused by defects in telomere maintenance [ 28 ]. 
Oral cancer is  the   most common solid malignancy seen in patients 
with DC. The tongue is the most common site for oral cancer in 
both FA and DC patients [ 29 ]. Hence, semiannual examination 
for oral cancer is recommended for both FA and DC patients 
beginning at a very young age.      

    Methods for Screening and Diagnosis of Potentially Malignant Disorders of Oral 
Mucosa 

 PMD of oral mucosa  is   considered as class I lesions, in contrast to 
other benign oral mucosal  mimics    PMD   that are defi ned as class II 
lesions (Tables  1  and  2 ) are the potentially progressive lesion [ 30 ]. 
The oral cavity is the site of the highest prevalence for the presence 
of confounding lesions compared to other anatomic sites [ 17 ]. In 
that context, screening is not a confi rmatory test for the presence 
of cancer or its precursor, while diagnosis by histopathologic exam-
ination of tissue is a case-fi nding test in individual with suspected 
PMD [ 30 ]. Studies of screening (detection) and diagnosis (case 
fi nding) of oral cancer and its precursors have been frequently used 
interchangeably which may lead to blurring the distinction between 
the oral cancer screening and diagnostic aids to properly assess 
their respective effectiveness.  

    Screening 

 Oral cancer  screening by   conventional oral examination under 
white light by a trained oral healthcare provider remains the main 
acceptable practice (Table  3 ). The gold standard for establishing 
the diagnosis (case fi nding) of oral cancer and its precursors also 
continues to be based on tissue sampling of suspected PMD using 
a scalpel biopsy for microscopic examination (Table  3 ). Although 
conventional oral examination has been shown to have a high dis-
criminatory ability in distinguishing normal and abnormal oral 
mucosal patterns [ 31 ], the majority of the oral mucosal lesions 
detected through COE in asymptomatic patients are considered 
class II lesions. Visual oral examination is known for poor sensitiv-
ity and specifi city in discriminating class I lesions from class II 
lesions leading to either delay in the diagnosis of class I lesions or 
unnecessary biopsies of innocuous class II lesions (Table  4 ) [ 32 ]. 
Such examination is frequently aided by the use of a dye  toluidine 
blue  .  Toluidine blue  is a vital dye that has been used in the oral 
cavity for decades to improve visibility of lesions during visual 
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exam. A recent review of the performance of visual exam with 
toluidine blue sensitivity ranged from 38 to 98 %, while specifi city 
varied from 9 to 93 % [ 9 ]. In general, examination with toluidine 
blue is associated with low specifi city, and this has prevented tolu-
idine blue from becoming a standard component of early oral can-
cer detection efforts in the USA.

    Community-based dentists and physicians do not have the 
clinical training and experience to distinguish PMD from their 
mimics; hence, many of these patients need to be referred to a spe-
cialist for scalpel biopsy for a definitive diagnosis. Referring patients 
with PMD to specialist centers is confounded by a long waiting 
time and significant diagnostic delays [ 33 ]. Therefore, the devel-
opment of an oral cancer screening device that can reliably dis-
criminate PMDs from their mimics, as an alternative to visual 

    Table 3  
   Current   screening and diagnosis of potentially malignant oral mucosa lesions   

 Screening and diagnosis of potentially malignant disorders of oral mucosa 

  Screening : Evaluation of an asymptomatic high-risk individuals for presence of PMD 

 Current: Clinical oral examination 

  Adjunctive optical devices :    

   • Refl ectance based 

   • Autofl uorescence based 

  Diagnosis : 

 Standard: histopathologic examination 

 Adjunctive predictive markers: 

   • LOH 

   • TP53 mutations 
   • DNA  aneuploidy   

   Table 4  
  Sensitivity and specifi city  of   currently available screening and detection techniques for oral cancer 
and its precursors   

 Diagnostic 
reliability  Oral examination  Toluidine blue  Optical imaging 

 Tissue refl ectance  Tissue autofl uorescence 

 Sensitivity  60–93 %  38–98 %  0–100 %  50–100 % 

  Specifi city    31–99 %  9–93 %  0–75 %  15–74 % 
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examination by specialists, will not only eliminate unnecessary 
biopsies but also facilitate  early   detection in high-risk populations 
for developing oral cancer.  

    Optical Screening Aids Based on Tissue Refl ectance and Autofl uorescence 

  Optical imaging techniques are      currently being developed as 
adjunct to conventional oral examination  for   noninvasive  and   
instantaneous detection of PMD [ 9 ,  34 ,  35 ]. Devices for optical 
scanning of oral cavity are increasingly used in community dental 
clinics as adjuncts to standard oral examination for oral cancer 
screening. Detail descriptions of the optical oral cancer screening 
devices and their effi cacy and limitations are reviewed in several 
published reports [ 9 ,  30 ]. The ViziLite (Zila Pharmaceuticals, 
Inc., Phoenix, AZ) is a disposable chemiluminescent light source 
that illuminates tissue with blue light to detect abnormal changes 
in the oral cavity. Initial studies conducted by Epstein et al. and 
Kerr et al. indicated that the ViziLite could potentially aid in detec-
tion of oral premalignant lesions by improving brightness and 
sharpness [ 9 ]. However, other studies have reported that ViziLite 
does not aid in the identifi cation of oral lesions [ 9 ]. These studies 
concluded that ViziLite examination could not discriminate 
between benign or infl ammatory and premalignant or malignant 
oral lesions. 

 Commercially available autofl uorescence-based oral cancer 
screening devices include VELscope® (Visually Enhanced Lesion 
Scope; LED Dental Inc., White Rock, BC, Canada), Identafi  
3000 (DentalEZ group, Malvern, PA, USA), and OralID (OralID, 
Houston, Texas, USA). All optical devices employ a special light 
source to illuminate oral mucosal surfaces with either blue/violet 
light (VELscope, 400–460 nM) or blue light (Identify and 
OralID, 405 nM). Oral epithelium and stroma absorb high-energy 
photons (short wavelength, 400–460 nm visible light) for excita-
tion and emit a green (VELscope) or blue (Identify and OralID) 
fl uorescence spectra at longer wavelengths (Fig.  1 ) [ 17 ]. The 
examiner can directly view the autofl uorescence emitted by the 
normal tissue with the use of a longpass to block the refl ected 
light. Epithelial fl uorescence is produced by NADH, FAD, and 
keratin, whereas stromal fl orescence is primarily derived from col-
lagen fi bers with cross-links and elastin. Tissue autofl uorescence 
emission can be affected by absorption and scattering of the exci-
tation light by oxy- and deoxyhemoglobin and enlarged and 
crowded cellular nuclei. Alterations in the optical properties of 
oral mucosal pathoses refl ect the changes in their metabolic, bio-
chemical, and structural properties. Normal oral mucosa emits a 
pale green or blue autofl uorescence, whereas lesional mucosa 
shows loss of autofl uorescence and appears dark (Fig.  1 ). The 
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majority of PMDs display loss of autofl uorescence due to their 
altered metabolic activity and cellular and tissue architecture and 
appear dark brown or black compared to adjacent healthy tissue 
with blue or green fl uorescence (Figs.  1 – 5 ). 

 Tissue autofl uorescence imaging is a valuable method to screen 
and detect PMD with subtle mucosal changes or those that appear 
clinically occult on white light examination (Fig.  2 ). Fluorescence 
visualization is also very useful for discerning the extent of a lesion 
involvement, selecting optimal biopsy sites, and aiding intraopera-
tive surgical margins (Fig.  3 ). Loss of tissue autofl uorescence is not 
observed in benign and nonneoplastic oral mucosal lesions which 
frequently exhibit fl uorescence spectra similar to the adjacent unin-
volved mucosa (Fig.  6 ). Tissue autofl uorescence visualization is 
more effective than conventional oral examination in fi nding suspi-
cious oral mucosal lesions; however, it demonstrates a low specifi c-
ity in discriminating high-risk PMD from low-risk lesions due to 
the higher rate of false positivity associated with benign infl amma-
tory, ulcerative, highly vascular, and pigmented oral mucosal 
lesions (Figs.  7  and  8 ). Although rare, autofl uorescence visualiza-
tion may yield false-negative results in highly keratinized (i.e., pro-
liferative verrucous leukoplakia) or fi brotic (i.e., oral submucous 
fi brosis) PMD because of the enhanced autofl uorescence produced 
by the thick surface keratin or excess stromal collagen deposition 
(Figs.  5  and  9 ). Oral mucosal lesions with surface bacterial and 
fungal (i.e., candidosis) colonization may exhibit an altered red-to-
orange autofl uorescence impeding the interpretation of their visual 
fl uorescent examination test results (Fig.  10 ). Understanding how 
tissue factors alter the fl uorescence spectra and its limitations is 
critical for proper  use   of tissue autofl uorescence imaging devices in 
clinical practice (Table  5 ). Similarly, awareness of the  clinical      con-
ditions with overlapping imaging spectrum is critical to  proper   dif-
ferential diagnostic evaluation.

  Fig. 6    ( a ) Leukoplakia-like ( arrow ) in  the      right edentulous mandibular alveolar mucosa. ( b ) VELscope imaging 
of the same lesion with no loss of fl uorescence ( arrow ). ( c ) Epithelial hyperplasia and hyperkeratosis by micro-
scopic examination (×100)       
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  Fig. 7    ( a ) Visual examination  reveals    an   erythroplakia ( arrow ) of the right lateral surface of the tongue. ( b ) 
VELscope imaging of the lesion shows loss of fl uorescence as a false-positive reading. ( c ) Hyperplasia and 
hyperkeratosis with chronic lichenoid mucositis without dysplasia (×100)       

  Fig. 8    ( a ) A nonhealing ulcer ( arrow ) in the  r  ight fl oor of the mouth clinically suspicious for cancer. ( b ) VELscope 
imaging of the same lesion shows ( arrow ) loss of fl uorescence as a false-positive reading. ( c ) Microscopic 
examination of the ulcer showed histoplasmosis (×200)       

  Fig. 9    ( a ) Leukoplakia ( arrow ) of  the   left posterior lateral tongue. ( b ) VELscope imaging revealing ( arrow ) no 
loss of fl uorescence as a false-negative reading. ( c ) Microscopic examination of the leukoplakia showed epi-
thelia hyperkeratosis and hyperplasia with mild dysplasia (×100)       
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  Fig. 10    Porphyrin-related red-to-orange autofl uorescence due to surface bacterial/fungal (candidosis) coloni-
zation. ( a ) A  leukoplakia   in the lateral and ventral surface of the tongue in an HIV-positive male. ( b ) VELscope 
imaging of the same lesion demonstrates red-to-orange autofl uorescence. ( c ) Microscopic examination of the 
leukoplakia showed epithelial hyperkeratosis and hyperplasia without dysplasia (×100). Ancillary histochemi-
cal and immunohistochemical studies confi rmed the diagnosis of oral hairy leukoplakia and candidiasis       

   Table 5  
  Effects of  tissue   changes  in   autofl uorescence   

 Histologic assessment  Autofl uorescence feature 

 Epithelial hyperplasia  No change 

  Dysplasia    Complete or partial loss 

 Invasive  carcinoma    Complete loss 

 Verruciform hyperkeratosis  No change or increase 

  Infectious    Complete or partial loss 

 Vascular  lesions    Complete or partial loss 

 Submucous fi brosis  Enhanced 

 Amalgam pigmentation (tattoo)  Complete loss 

 Focal melanosis  Complete loss 

 Hairy leukoplakia/ candidiasis       Red-to-orange spectrum 

            Diagnosis of Oral Epithelial Dysplasia 

 PMDs must undergo a scalpel  biopsy   for histopathologic evalua-
tion. This is central to  the   assessment of the potential malignant 
transformation risk and the appropriate therapeutic management. 
Microscopically, these lesions may demonstrate epithelial hyperpla-
sia and hyperkeratosis, various stages of dysplasia, and invasive SCC 
(Fig.  11 ). As oral epithelial dysplasia is a microscopic diagnosis of 
precancer, without a specifi c clinical appearance, this term should 
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not be used as a clinical description. Pathologically the term “epi-
thelial atypia” is not synonymous with oral epithelial dysplasia and 
its use should be restricted to epithelial changes not meeting the 
defi nition of dysplasia. An example of “epithelial atypia” is reactive 
and regenerative epithelial changes associated with infl ammation 
adjacent to an ulcer. Hence, the use of the term “epithelial atypia” 
as a microscopic diagnosis for PMD may lead to confusion and 
should be avoided.

   Both cellular and architectural alterations of the oral squa-
mous epithelium are evaluated for grading oral epithelial dys-
plasia. However, microscopic evaluation of these features 
unexperienced professional combo subjective and associated with 
signifi cant inter- and intra-observer variations in grading oral epi-
thelial dysplasia. The malignant transformation rate of oral epi-
thelial dysplasia varies considerably, ranging from 6 to 50 % (mild 
dysplasia, 0–5 %; moderate dysplasia, 3–15 %; severe dysplasia: 
7–50 %) [ 36 ], that a signifi cant proportion of benign hyperkera-
toses without dysplasia have progressed to cancer. This may sug-
gest a tendency for underdiagnosing dysplasia in PVL patients  
secondary to the lack of specifi c cytological features associated 
with dysplasia. 

 Although pathologic diagnosis of oral epithelial dysplasia may 
not imply defi nitive progression to cancer, it is the only reliable 
method for identifying potentially progressive PMD. Histologic 
grading of oral epithelial dysplasia, therefore, remains the standard 
method to determine the presence of cellular dysplasia prognosis 
and to make treatment recommendation for these lesions. 
Currently, there are no reliable and reproducible molecular or 
genetic biomarkers that are superior to the diagnosis alone of oral 
epithelial dysplasia in predicting malignant transformation risks to 
carcinoma. Although, p53 mutations, loss of heterozygosity 
(LOH), and DNA ploidy analysis have been reported to predict 
the malignant transformation risk of PMD, neither of these tech-
niques have been adopted in the clinical practice [ 37 ]. Loss of het-
erozygosity at chromosome 3p and/or chromosome 9p increases 
the malignant transformation risk of oral epithelial dysplasias by 
22.6-fold compared to dysplastic lesions with 3p and 9p retention. 

  Fig. 11    Multistep  progression   oral squamous  c  ell carcinoma with corresponding histopathologic fi ndings of 
hyperplasia, dysplasias of different severities, and invasive squamous cell carcinoma       
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Oral epithelial dysplasias with additional loss of heterozygosity on 
chromosome arms 4q and chromosome 17p reveal a 41.7-fold 
increased risk for malignant transformation [ 38 ]. In summary, 
PMD with dysplasias should be carefully followed or excised 
depending on the clinical situation, on the site of the lesion (high 
versus low-risk sites), and associated risk factors. 

 In summary, detection of oral cancer at its precursor level is of 
great clinical signifi cance in reducing the oral cancer-related mor-
tality and morbidity. Visual examination by an experienced clini-
cian followed by biopsy is the current standard of care for detection 
of oral cancer or its precursors. However, visual examination can-
not discriminate epithelial alterations specifi c for malignant pro-
gression from nonneoplastic oral mucosal alterations. Hence, new 
optical imaging devices are  being   developed for noninvasive and 
instantaneous detection of potentially malignant oral mucosal 
lesions in a highly sensitive and specifi c manner. Unlike visual 
examination, optical imaging techniques are sensitive in  detecting 
  biochemical, metabolic, and architectural alterations of neoplastic 
progression and hence are valuable for early detection of oral 
malignancies.     
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    Chapter 38   

 Image-Guided Surgery by OCT and Other Optical 
Imaging Modalities                     

     Waseem     Jerjes     ,     Ahmed     A.     Sultan     , and     Colin     Hopper         

   It has been proposed that one of the possible applications of 
 optical diagnostics      is to guide the clinician to undertake accurate 
intervention when managing tissue pathology. The ability to pro-
vide an instant optical signature of pathological lesions or margins 
will help in identifying changes occurring at cellular and subcellular 
levels which can be invaluable for decision-making and treatment 
planning and aid in predicting the disease behaviour and overall 
prognosis. The mapping of  tumour margins   using optical tech-
niques has not been fully explored. The applications of this tech-
nology can be useful to many body areas including the head and 
neck with the upper aerodigestive tract and skin [ 1 – 3 ]. 

 The gold standard for pathological tissue removal remains 
s urgery.  Radiotherapy while used as primary treatment for some 
conditions,   is usually advocated to deal with any positive margins 
and can be also employed as a neoadjuvant intervention. When it 
comes to skin cancer,  Mohs micrographic surgery   has been 
employed with impressive success rates but it requires special set-
up, training, and maintenance. This procedure requires the clinician 
and the pathologist working side by side to assess every single 
piecemeal resection. This procedure has the advantage of being 
guided by a pathologist [ 1 – 3 ]. 

 Photodynamic  therapy      has achieved success in managing tissue 
disease in the head and neck as well as skin. The depth of effect 
depends on the photosensitiser used and the light properties as 
well as the availability of oxygen in the pathological tissue [ 1 – 3 ]. 
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    Optical Guidance of Treatment Modalities 

  Optical biopsy   can be acquired from the suspicious legion or the 
tissue margin at the time of biopsy or intervention (i.e. surgery, 
radiotherapy, laser or photodynamic therapy).  Optical biopsy tech-
niques   (in vitro and in vivo clinical trials data) have the advantage 
of being non-invasive (results in no tissue loss), provide instant 
diagnosis, and are cost-effective. They can also be used to assess 
the photosensitiser concentration if photodynamic therapy is the 
treatment modality. The tumour mapping ability of optical modali-
ties has not been fully explored as yet [ 1 – 3 ]. 

 In  cancer surgery  , this technique can facilitate tumour-specifi c 
targeting which can potentially result in margin-free tumour and 
improved survival. Many  factors   may affect the use of optical biopsy 
as a guiding modality in clinical procedures that has been discussed 
by Keereweer et al. [ 4 ] including:

 –    Accuracy of the optical signature as it can be complicated by 
optical tissue properties  

 –   The optical signature and its correlation with the clinical 
presentation  

 –   The practicality of implementing optical image-guided proce-
dure and potential improvement in patient’s care  

 –   Clinicians’ knowledge gap when it comes to optical diagnostics 
and its infl uence on decision-making    

 The authors concluded that despite all the  limitations   to the 
intrinsic capacity of the optical techniques, optical biopsy can be a 
very powerful intraoperative tool in guiding the future oncologic 
procedures and leading to improve prognosis and quality of life 
[ 4 ]. The same group suggested that optical imaging has the poten-
tial of bridging the gap between radiology and surgery by provid-
ing real-time visualization of the tumour, thereby allowing for 
 image-guided intervention  . An example here was the use of near- 
infrared light spectrum which offers two essential  advantages  : 
increased tissue penetration of light and an increased signal-to- 
background ratio of contrast agents; this is one of many advantages 
of the optical techniques in this fi eld [ 5 ].  

    Optical Coherence Tomography: Case Study 

 A study by Hamdoon et al. investigated the role of optical coher-
ence tomography (OCT) in lesion (squamous cell carcinoma) 
mapping, assisting the surgeon to correctly deliver photodynamic 
therapy ( PDT)   and monitor the outcome. Optical coherence 
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tomographic images were acquired pretreatment to assess tumour 
extent and margins to enable guidance of the PDT. Tomographic 
images taken post-PDT up to 6 months revealed complete response 
to the treatment and no recurrence. It is proposed that OCT- 
guided PDT is one of the promising approaches to effi ciently dis-
criminate between tumour involved and noninvolved margins as it 
can potentially reduce untoward healthy tissue necrosis and pro-
vides an encouraging monitoring of the healing process. The case 
is presented here. 

 A 56-year-old Caucasian male was referred for suspected basal 
cell carcinoma of the right infraorbital region. An incisional biopsy 
revealed a well-differentiated squamous cell carcinoma ( SCC)  . A 
neck ultrasound examination confi rmed no nodal disease. The 
patient declined wide surgical excision with local fl ap reconstruc-
tion and elected to undergo photodynamic therapy. Intravenous 
mTHPC (0.05 mg/kg) was administered 48 h prior to skin illumi-
nation to allow the maximum accumulation of the photosensitiser 
in the tissue. On day two, the VivoSight OCT scanner with hand- 
held probe was used to map the tumour margins precisely. OCT 
scanning was performed centrally and then swept out peripherally 
toward the visible margin. This manoeuvre enabled demarcation 
between the central active lesional zone and peripheral question-
able zones. The “light delivery” part of the PDT took place under 
local anaesthesia in an outpatient setting. A  652 nm diode laser   was 
used to illuminate the pathological area [ 6 ] (Fig.  1 ).

   In the follow-up period, OCT was used to monitor the  heal-
ing process  . Multiple large dark spaces occupying the epidermis 
and part of the dermis were identifi ed 4 weeks post-PDT. These 
spaces represented necrotic tumour clusters. OCT identifi cation 
of the interface between the tumour and uninvolved tissue was 
based on a clear delineation of the thin bright groove, thus 
enabling the clinician to accurately assess the wound depth. In the 
third month post-PDT, the progress of wound healing was char-
acterized by further useful morphological information which 
could be derived from the epidermis and dermis. However, struc-
tures represented by the interface between epidermis and dermis 
were diffi cult to differentiate at that stage. The image contrast was 
compromised by immature collagen matrices (associated with 
early wound healing) which in turn increased signal refl ective 
index (proliferative phase); thus, the effective imaging depth and 
contrast decreased. The authors suggested that OCT is a tech-
nique that can monitor lesions more precisely and accurately so 
obviating many of the previous shortcomings of PDT follow-up 
and monitoring process and proposed the development of OCT-
guided  fi ne needle aspiration cytology (FNAC)      for more accurate 
monitoring and mapping [ 6 ] (Fig.  1 ).  
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    Discussion 

 OCT-guided laser hyperthermia with passively tumour-targeted 
gold nanoparticles has been developed by Sirotkina et al. [ 7 ]. 
 Bifunctional plasmon resonant nanoparticles   have been used with 
OCT diagnostics and laser heating at the wavelength of 810 nm. 
The resultant OCT images showed that the accumulation of gold 
nanoparticles in the tumour invading into the skin was maximal 
4–5 h after intravenous injection.  Laser hyperthermia   was 
employed at the maximum nanoparticle accumulation and led to 

  Fig. 1    ( a )  SCC   of the infraorbital area with the visible margin ( black arrow  ). ( b ) OCT image showing vertical 
crater which represents the clinical visible tumour margin ( red arrow ); there is a vertical cleft showing non-
visible actual damage beyond the margin (blue arrow). ( c  and  d ) After mapping the real margins by OCT, cus-
tom-made template was constructed and followed by PDT illumination. ( e  and  f ) 4 weeks post-PDT, the OCT 
image showing vertical cleft with multiple empty spaces which indicate necrotic changes ( red arrow  ). ( g  and  h ) 
3 months post-PDT, healing with granulation tissue formation which can be seen clearly in the OCT image with 
slight poor differentiation in skin layer as the area is in state of healing. ( I  and  J ) 6 months post-PDT, the OCT 
image showing early differentiation of epidermal and dermal layers with distinctive dermo-epidermal junction 
( black arrows  ) and very thin stratum corneum layer ( red arrow  ). The fi gure is adapted from authors’ own 
article: Hamdoon Z, Jerjes W, Upile T, Hopper C. Optical coherence tomography-guided photodynamic therapy 
for skin cancer: case study. Photodiagnosis Photodyn Ther. 2011 Mar;8(1):49–52       
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apoptosis and inhibited tumour growth by 104 % on the 5th day 
after treatment [ 7 ]. 

  Optical imaging   is experiencing marked technologic advances 
which resulted in new capabilities to biomedical research and is 
edging toward clinical use.  Optical diagnostics      is developing from 
imaging of structures and morphology into the visualization of 
the individual biologic processes underlying disease and could 
potentially contribute to more accurate diagnostics and improved 
patient’s care. A review by Taruttis and Ntziachristos into the 
translation of  macroscopic optical imaging  —including 
fl uorescence- guided surgery and endoscopy, intravascular fl uo-
rescence imaging, diffuse fl uorescence and optical tomography 
and multispectral optoacoustics (photoacoustics)—for applica-
tions ranging from tumour resection and assessment of athero-
sclerotic plaques to dermatologic and breast examinations has 
reached this conclusion [ 8 ].     
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    Chapter 39   

 Narrow Band Imaging of the Upper Aerodigestive Tract                     

     Christoph     Arens      and     Susanne     Voigt-Zimmermann       

      Introduction 

 Endoscopy of the upper aerodigestive tract ( UADT  )    has been 
infl uenced by different innovations over the last two decades. The 
use of chip-on-the-tip rigid or fl exible endoscopes was a change in 
endoscopic function. The next step was the increase of resolution 
as well as the introduction of high-defi nition (HD) imaging espe-
cially in fl exible endoscopes. 4K resolution is almost ready to take 
the next step. Additionally, endoscopic imaging techniques, e.g., 
Narrow Band Imaging (NBI), autofl uorescence, optical coherence 
tomography, a.o., have been developed to get more details about 
the pathological changes besides normal white light endoscopy. 

 These imaging techniques are divided in horizontal and verti-
cal imaging techniques. While horizontal imaging techniques 
look primarily at the surface, vertical images focus on pathologi-
cal changes underneath the surface. NBI belongs to the horizontal 
imaging techniques looking at superfi cial changes of the epithe-
lium and the underlying vessels. In combination with HD,  NBI   
is a powerful endoscopic imaging technique offering a better 
contrasted picture especially for the assessment of vascular 
changes. Therefore, it is suitable for the detection of early 
lesions—either benign or malignant.  

    Narrow Band Imaging Endoscopy 

 2004 NBI  endoscopy   was introduced in the diagnostic workup of 
the UADT by Muto et al. [ 1 ]. At that time it had already proven 
to be a useful imaging tool in other endoscopic areas, e.g., gastro-
enterology [ 2 – 4 ] and pulmonology [ 5 ]. 
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 NBI is a noninvasive imaging technique which can be applied 
to in- and outpatients during endoscopy by pressing a button, 
immediately switching from white light to NBI. It enhances the 
visualization of epithelial and subepithelial microvascular structure 
and lesions. Especially small lesions can be detected much easier 
compared to normal white light endoscopy alone. 

 Compared to white light, superfi cial epithelial lesions can be 
detected much better especially due to a more intensive fl uores-
cence of keratin in leukoplakia. Keratotic lesions can be looked at 
specifi cally, including their surrounding margins, offering more 
detailed information about the character of the lesion. Epithelial 
thickening can be detected much easier. Furthermore, this optical 
imaging enhancement tool focuses on subepithelial vessels and 
their different sizes and shapes (Fig.  1 ).

   In oral and oropharyngeal squamous cell carcinoma, Piazza 
et al. described a sensitivity, specifi city, positive, negative predictive 
values, and accuracy for HDTV white light endoscopy (WLE) of 
51 %, 100 %, 100 %, 87 %, and 68 %, respectively, while for HDTV 
NBI fi gures were 96 %, 100 %, 100 %, 93 %, and 97 %, respectively 
[ 6 ] (Figs.  2 ,  3 , and  4 ).

     Kraft et al. [ 7 ] reported that NBI with WLE showed a signifi cantly 
higher sensitivity (97 % vs 79 %) and accuracy (97 % vs 90 %) than 
WLE alone in identifying laryngeal cancer and its precursor lesions. 
In contrast, the specifi city (96 % vs 95 %)  was   essentially equal for 
both imaging techniques.  

  Fig. 1    Contact  endoscopy   of the left vocal fold in white light and NBI mode. Different vessel types can be rec-
ognized. Superfi cial vessels are sharply demarcated and contrasted. Deeper vessels are  blurred . Intracapillary 
papillary loops are not visible       
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  Fig. 2    Sharply  delineated   leukoplakia of the left tongue. Normal vascular pattern without any vascular atypia 
can be noticed       

  Fig. 3    An unregular  spotted   leukoplakia of the left fl oor of the mouth can be observed. Vascular atypia can be 
detected in the NBI. Histologic assessment revealed a squamous cell carcinoma with a diameter of 5 mm       

  Fig. 4    Bilateral oropharyngeal carcinoma of the soft palate with ulceration and anterior extension to the hard 
palate. Chaotic tumor growth with irregular vascular pattern and shape       
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    NBI Equipment 

 The technical  equipment   consists of a xenon light source with a 
special NBI fi lter narrowing the wavelength of emitted light to 
400–430 nm (center wavelength at 415 nm) and 525–555 nm 
(center wavelength at 540 nm). 

 Additionally, a high-defi nition camera in combination with a 
rigid endoscope (0°–120°) and/or a fl exible videoendoscope (30–
90 cm length and max. 4 mm in diameter) with chip-on-the-tip 
technology and a video system unit is needed. 

 Both wavelengths have special characteristics. 415 nm represents 
blue light and penetrates about 400 μm into the tissue. In normal 
mucosa the light beam hits the underlying connective tissue. It leads 
to better contrasted endoscopic pictures secondary to the corre-
sponding peak absorption spectrum of hemoglobin by enhance-
ment of capillary vessels. The green light centered at the longer 
wavelength of 540 nm can penetrate deeper into the connective 
tissue resulting in endoscopic visualization of the submucosal 
vascular plexus. Additionally, keratin present in leukoplakias is a 
potential fl uorophore emitting bright white light from the epithe-
lial surface, leading to a  better   depiction of these epithelial changes 
in contrast to the surrounding green epithelium.  

    Epithelial Changes in NBI 

 New endoscopic  methods   and tools especially NBI have improved 
the endoscopic diagnosis leading to an early depiction of epithelial 
but also vascular lesions of the UADT. Therefore, a more differen-
tiated knowledge and assessment of epithelial as well as vascular 
lesions resulted in a more precise diagnostic workup and therapy 
[ 6 ,  8 – 18 ]. 

 Epithelial tumors of the UADT are grouped in papilloma,  epi-
thelial dysplasia  , and squamous cell carcinoma. These tumors differ 
in vascular changes, the expression of epithelial changes, as well as 
the connective tissue architecture being important in the process 
of preoperative differential diagnosis. 

 Thin, non-keratinized, stratifi ed squamous epithelium of the 
larynx and hypopharynx allows good endoscopic visualization of 
fi ne vascular lesions during the development of precancerous 
and cancerous lesions. Especially typical intraepithelial papillary 
capillary loops (IPCLs) of recurrent respiratory papillomatosis 
(RRP) (Fig.  5 ) can be detected by NBI.

   In the upper aerodigestive tract, we differentiate between two 
different epithelial layers—respiratory and squamous cell epithe-
lium. Respiratory epithelium may become metaplastic and change 
in the lower differentiated squamous cell epithelium. This epithe-
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lial change may also result in the development of squamous cell 
cancer. During NBI endoscopy, an epithelial defect or ulceration 
can easily be detected by bright red color which is sharply demar-
cated by the green color of the surrounding tissue covered by 
epithelium. 

 In NBI endoscopy, epithelial thickening primarily leads to a 
darker green appearance of the NBI picture in contrast to the more 
reddish-green color in normal epithelium. This development is fol-
lowed by a leukoplakia which contains the fl uorophore keratin. 
The color of the “leukoplakia” becomes more whitish and less 
transparent leading to the observation of vessel breaks (“umbrella 
effect”). Leukoplakia is a descriptive term which represents epithe-
lial lesions from hyperkeratosis up to squamous cell cancer. In 
combination with vascular changes, epithelial lesions can be much 
better classifi ed by NBI in contrast to white light alone. 

 In earlier stages leukoplakias are still transparent and have a 
sharp and regular edge (Fig.  6 ). Additionally, they present with a 
more round to oval shape and mostly have a smooth surface. When 
leukoplakias become dysplastic, they develop an irregular shape 
and edge. Furthermore, the surface is inhomogeneous and diverse. 
In carcinoma in situ as well as microinvasive cancer, the epithelial 
lesion may have a spot-like appearance and goes along with typical 
vascular changes which will be described in the next section (Figs.  7  
and  8 ). Besides the endoscopic picture of the epithelial lesion dur-
ing NBI examination, the absence of the mucosal wave during 
stroboscopy may give additional information about the nature of 
the lesion. In a progressing lesion, the character of  the   squamous 
cell carcinoma is characterized by a recognizable change of the 
surface and shape secondary to the increase of tumor volume and 
ulceration (Fig.  9 ).

  Fig. 5    Recurrent respiratory papillomatosis  of   the ventricular fold. Typical intracapillary papillary loops can be 
better detected with NBI. Scars can be detected on both vocal folds with a typical vascular pattern after papil-
loma surgery       
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  Fig. 6    Homogenous and  sharp   demarcated leukoplakia of the left vocal fold. Only ectatic vessels on the border 
can be recognized, which are partially interrupted by the leukoplakia (umbrella effect). Histologically it was 
diagnosed as a hyper- and parakeratosis       

  Fig. 7    Carcinoma in situ  besides   acanthosis and hyper-parakeratosis of the left vocal fold. Capillary loops are 
more present in the NBI       

  Fig. 8    Spotted irregular leukoplakia of the left vocal fold in combination with dysplastic vessels and increase 
of volume representing T1a carcinoma of the vocal fold       
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          Vascular Lesions in NBI 

 Two groups of  vascular lesions   can be differentiated-longitudinal 
and perpendicular. While horizontal vascular lesions are primarily 
reactive due to ongoing mechanical, chemical, or other external 
stress factors, vertical lesions develop by a stimulus of the epithe-
lium itself. 

 Ni et al. [ 19 ] have transferred a model coined as “IPCLs” 
(intraepithelial papillary capillary loops) for the classifi cation of vas-
cular changes of the esophagus seen during NBI examination to 
precancerous and cancerous lesions of the vocal folds. Kumagai 
et al. [ 20 ] already stated that vessels of the mucosa show character-
istic changes according to the invasion  depth   of cancer. This classi-
fi cation is widely used in gastroenterological endoscopic diagnosis 
[ 21 ,  22 ] but implies some disadvantages and may not simply be 
transferred to the description of vascular pattern of the UADT. 
Additionally the term “papillary loops”  is   misleading, because regu-
lar mucosa of the UADT rarely contains papillary loops (Fig.  1 ).  

    Longitudinal Vascular Changes 

 In the beginning of  the   pathogenesis of vascular changes, blood 
vessels often appear enlarged and/or ectatic, especially in infl am-
mation. Ongoing reactive processes and external stimuli lead to 
angiogenesis and the formation of new vascular structures. 
Vessels become more visible. The increase of the vessel size is 
associated with further branching of vessels and anastomoses. 
These changes may lead to an increased visible vascular density 
and diameter followed by an increased reddish appearance under 
white light and a darker green appearance under NBI. 

  Fig. 9    T2  carcinoma   of the left vocal fold with subglottic extension       
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 Consideration of such precursor changes of vascular diseases, 
e.g. vessel ectasia, meander, increasing number and branching of 
vessels, and change of direction, may lead to more differentiated 
prognostic statements and adequate therapeutic decisions. 

 The mentioned vascular changes type I and type II of the IPCL 
classifi cation [ 19 ] correlate to these early vascular changes 
described. They are primarily induced by mechanical stress on the 
vessel walls and are typically localized at point of the strongest 
mechanical forces. The initial changes in the blood vessels are 
beginning signs of future  manifest   vascular diseases especially in 
the vocal folds, like varices, convolutes, polyps (Fig.  10 ), and 
hemorrhages.

       Perpendicular Vascular Lesions 

  Perpendicular vascular lesions   are characterized by the develop-
ment of intraepithelial papillary capillary vessel loops (IPCLs) 
developing secondary to an epithelial stimulus. In HPV-related 
recurrent respiratory papillomatosis, these loops can endoscopi-
cally be recognized as real loops embedded in a three-dimensional 
warty structure. In contrast precancerous lesions show symmetrical 
arranged dot-like loops which represent the tip of the loop under 
the epithelium arising from deeper layers of the mucosa. These 
typical changes can be detected by NBI. 

 Perpendicular vessel changes in papillomas, precancerous or 
cancerous lesions, are induced by an epithelial stimulus. Not only 
the vessel but also the surrounding tissue is altered by this stimu-
lus. In RRP typical morula-like “warty” changes develop. They 
may be uni- or bilateral, multicentric, and exophytic with a glassy 

  Fig. 10    Myxoid polyp in statu  nascendi   with a convolute on top of the left vocal fold. Vessels are better con-
trasted and can be detected much easier in the NBI       
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convex surface, similar to raspberries. There seems to be a local 
immunological defi cit. The epithelial infection stimulus in the 
underlying connective tissue seems to initiate angiogenesis and a 
transformation of the connective tissue. Squamous cell carcinoma 
can also be caused by “high-risk” HPV [ 23 ]. Lukes et al. [ 24 ] and 
Tjon Pian Gi et al. [ 25 ] highlight that the changes of IPCL and the 
epithelial surface are essential for differential diagnosis in endo-
scopic imaging of RRP. Typical features, like central vessel loops in 
each morula-like bulge usually help to distinguish RRPs from 
high-grade dysplasia or SCCs. 

 In the development of precancerous and cancerous lesions, the 
reddish-appearing effect of an erythroplakia is caused by an 
increased density of subepithelial vascular structure secondary to 
neoangiogenesis in combination with a thin and atrophic epithe-
lium. As already described before, leukoplakia is like a chameleon 
which resembles epithelial changes from benign epithelial thicken-
ing to cancerous lesions. 

 In context of carcinogenesis, perpendicular vascular changes 
(IPCL) may be recognized during endoscopy at the border of the 
leukoplakia described above. The combination of a leukoplakia as 
well as its perilesional vascular changes can give a hint to the char-
acter  of   the disease. Benign hyperkeratotic lesions may go along 
with vessel ectasia but do not present any kind of vascular loops. 
These epithelial lesions are reactive and may regress spontaneously. 
In most cases these lesions are transparent and vessel may be 
detected underneath the leukoplakia. 

 As the epithelium becomes dysplastic, the leukoplakia becomes 
more irregular in shape and size. Longitudinal vascular changes 
like vessel ectasia transform into perpendicular vascular lesions. 
Loops become visible in the periphery of the leukoplakia. These 
loops occur primarily as typical dots representing the top of the 
loop. In early stages the loops are still visible in a regular symmetri-
cal pattern. When cancer develops, the vascular loops and the epi-
thelial lesion become completely irregular. The irregular tumor 
surface and shape are caused by vascular malnutrition secondary to 
chaotic neoangiogenesis (Fig.  11 ).

   NBI, especially in combination with high-defi nition imag-
ing, is a useful and effective imaging technique in the diagnosis 
and therapy of pathological changes of the UADT. Especially 
small lesions characterized by vascular changes can be detected 
much earlier in contrast to normal white light. It is also suitable 
for the early diagnosis of papilloma, precancerous and cancerous 
lesions [ 6 ,  17 ,  19 ]. NBI can also be used during papilloma or 
cancer surgery for detection of superfi cial surgical margins. 

 NBI in combination with contact endoscopy during microlar-
yngoscopy, so called “ compact endoscopy  ” [ 26 ], allows us to 
detect and classify different types of IPCL. Using this technique 
we are able to distinguish between papilloma, mild or moderate 
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Hyperkeratotic lesion with ectatic vessels and
a sharp edge. Leukoplakia covers the
underlying vessels (Umbrella-effect)

Increase of atypic vessels and irregular shape
in epithelial dysplasia.

Irregular leukoplakia surrounded by ectatic
vessels as well as dots (IPCL). Cais or SIN III.

Chaotic vascular pattern with spotted
leukoplakia, ulceration and increasing
volume

  Fig. 11    Sketch of the  development   of epithelial cancerization with typical vascular and epithelial pattern       

 epithelial dysplasia  , SIN III, and microinvasive cancer (Figs.  12 ,  13 , 
 14 , and  15 ).

      Therefore, vascular lesions play a signifi cant role in the endo-
scopic workup of lesions of the UADT. New endoscopes in 
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  Fig. 12    Regular  vascular   pattern with an ectatic vessel. The underlying tissue of 
Reinke’s space appears homogeneously green (compact endoscopy)       

  Fig. 13    Papilloma with typical symmetrical IPCL (compact endoscopy)       

  Fig. 14    Papillary cancerization of the left vocal fold. Different colors express the 
diverse thickness of the squamous cell epithelium. The IPCLs are irregular, 
asymmetrical with different shapes and sizes (compact endoscopy)       
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 combination with HD or  even   4K imaging as well as NBI permit a 
detailed observation of the mucosal surface allowing the diagnosis 
of superfi cial pathologies with a high probability to anticipate the 
correct histological examination during preoperative stage. NBI as 
a new endoscopic tool for rigid as well as fl exible endoscopy may 
be an early step on the way in performing an “optical biopsy.”     
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