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Preface
The fifth edition of Cummings Otolaryngology–Head and Neck Surgery is written in response to the vast expansion of medical knowl-
edge and technological advancements impacting our specialty and presents the most up-to-date information, covering new topics 
from surgical robotics and image guidance to evidence-based performance measurements. Nonetheless, we have worked hard to keep 
the fifth edition concise, removing overlapping content to make for easier reading, yet still covering in detail all major developments 
in the field.

Building on the success of the past four editions, the fifth edition also reflects a technology-driven change in curriculum, featur-
ing access to the Expert Consult website, with text and images from the book as well as online video demonstrating the ACGME 
Key Indicator Procedures. The video component provides residents with a new opportunity to better understand the critical elements 
of these core procedures.

As with past editions, the field of otolaryngology–head and neck surgery is represented in all of its diversity. The table of con-
tents has been restructured to reflect the extensive interrelationship of its various components. Every chapter contains Key Points 
at the start and a “most relevant” Suggested Readings list. A full reference list for each chapter is available online to supplement the 
overall content. Combined with the online version, the fifth edition remains the definitive resource for our specialty.

In acknowledgement of all those who have contributed to the specialty, the list of authors includes worldwide representation. 
Adding to excellence at the editorship level, Drs. Valerie Lund and John Niparko have assumed leadership roles, and Dr. Howard 
Francis has assumed an associate editorship position for the online video content. Through the combined effort of all contributors, 
our goal is to further the education of those now associated with otolaryngology–head and neck surgery and provide a foundation 
for continued progress by the generations to follow.

xxix
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CHAPTER ONE

Genetics and Otolaryngology
William J. Kimberling

Key Points

• Probably more than half of all hearing losses have a genetic basis.
• Genetic hearing loss can be inherited in several different ways: autosomal dominant, autosomal recessive, x-linked, and 

mitochondrial.
• Identification of specific genes that cause hearing loss has led to a remarkable increase in the understanding of the pathogenic 

process underlying genetic hearing loss disorders.
• Genetic testing has become a useful tool in diagnosing genetic hearing loss.
• Complex disorders such as tinnitus, vertigo, and susceptibility to otitis media are amenable to genetic study that will identify 

individuals at risk for developing these common disorders.

Genetics plays a role in just about everything, although the magnitude 
of that role may be, in a few cases, barely detectable. It is important—
and quickly becoming even more so—for the otolaryngologist to 
understand genetics to carry out his or her medical obligations effec-
tively. There are hundreds of syndromes that affect the head and neck,1 
and people with most of these syndromes come under the care of an 
ear, nose, and throat (ENT) surgeon at one time or another during 
their lives. Furthermore, hearing is an important aspect of the otolaryn-
gologist’s practice, and more than 50 different genes have been identi-
fied that cause nonsyndromic hearing loss (see the Hereditary Hearing 
Loss home page at http://webh01.ua.ac.be/hhh/). The identification of 
the basic dysfunction underlying all of these single-gene disorders is the 
first step to effective prevention and treatment, whether surgical or 
pharmacologic. An understanding of complex (presumably polygenic) 
disorders has become an extremely important objective for medical 
research. Liability for a variety of diseases (e.g., head and neck cancer, 
otosclerosis, otitis media, dyslexia) is controlled by several genes.2-5 It 
is thought that the day is near when knowledge about an individual’s 
genotype will identify those who are at high risk for development of 
these and other disorders.6

The genome revolution has placed mankind at the brink of the 
development of new and exciting therapies for both rare and common 
genetic disorders. It has thus become increasingly important for the 
ENT practitioner to recognize those disorders that have a strong genetic 
component and to be aware of the new and developing approaches to 
their treatment.

The Genome
The term genome refers to the collection of all of the genes that an 
organism possesses. It has been estimated that there are between 40,000 
and 140,000 genes in the human genome. The genes are assembled 
into lengthy strands of deoxyribonucleic acid (DNA), which are organ-
ized linearly into chromosomes. The chromosomes are made up of the 
DNA that forms the genes and the intervening DNA as well as chro-
matin, which is a protein that assists in the maintenance of the structure 
and regulation of chromosomal expression. The nuclei of most human 
cells contain 46 chromosomes that are organized as 23 pairs. Except 
for the mitochondria, all genes that are contained within the human 

genome lie on one or the other of these chromosomes. The linear order 
of the genes on the chromosomes allows one to create maps of the 
human gene order; these maps are generally invariant throughout any 
given species. It is these maps that allow us to associate specific genes 
with specific traits through gene mapping.7,8 Genes are transmitted in 
groups that correspond with the chromosomes. Aside from cases of the 
exception known as “crossing over,” all of the genes of one chromosome 
(e.g., the paternal one) are transmitted together to the exclusion of the 
other one. Crossing over allows one chromosome to become a mosaic 
of both paternal and maternal genes; the frequency with which crossing 
over occurs has been studied and forms the basis for one of the two 
ways of measuring distances between genes. The physical distance 
between two genes is the number of bases between genes and is meas-
ured in megabases or kilobases. The genetic distance between two 
genes, however, is based on the frequency of observed recombination 
between them and can only be estimated by the study of informative 
matings and their offspring. Genetic distance is the result of a biologic 
phenomenon and is imperfectly correlated with physical distance. The 
order of genes on a chromosome is constant.

The amount of information stored in the genome is tremendous. 
In the human genome there are approximately 3 × 109 base pairs of 
DNA that make up the haploid genome. The largest chromosome, 1, 
contains about 10% of the total, whereas the smallest autosome, 21, 
contains about 2.5%. Given that the estimated number of genes is 
between 20,000 and 30,000, the expected number of genes per mega-
base is between 20 and 30. The average high-resolution chromosome 
band is about three megabases in size and would be expected to contain 
between 60 and 90 genes.

Another way of appreciating the size of the genome is to compare 
the amount of information in it with that in the typical encyclopedia. 
The encyclopedia would need to have 200 volumes of 1000 pages each 
to contain the information found in the human genome. In this 
analogy, gene size would vary from about a third of a page up to several 
pages. In actuality, the human genetic encyclopedia is packaged into 
23 volumes, and the genes are not as easily demarcated as are chapters 
in a real encyclopedia. However, the analogy serves well when trying 
to understand the importance of deciphering the genome. This biologic 
encyclopedia is in truth a manual for the construction and maintenance 
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spersed between the exons. During the process of creating a message, 
introns are spliced out of the message, thus leaving only the exons to 
be translated into protein. The gene is thus an interrupted sequence of 
code that must be further processed into a usable message. Figure 1-1 
illustrates how the structure of the gene is related to the process of 
transcription. During transcription, the whole gene is copied—exons 
and introns together—into a premessage. The premessage is then proc-
essed by excising the introns and joining the exons together to make a 
series of bases that code for a protein. The sites at which the excisions 
and rejoining take place are called splice sites, and specific sequences of 
bases are used to signal the cellular machinery to recognize these places. 
There are specific start and end points for the transcription of the gene 
as well; within the genes, there are specific signals in the form of three-
base sequences (the start and stop codons) that indicate where transla-
tion into protein is to begin and end. The gene is thus made up of a 
coding sequence and punctuation.

In addition to the basic structure of a gene, there are elements that 
are both 5′ and 3′ of the gene that regulate its expression. These are 
called cis-acting elements, because they are on the same strand of DNA 
as the gene they regulate. Some of the regulatory elements may be inside 
one or more introns. In fact, the first few introns of a gene frequently 
contain such regulatory elements. Although some of the cis-acting ele-
ments are close to the actual start of the gene, others may be as much 
as 50 kilobases in front of (upstream) or in back of (downstream) the 
genes. Regulatory elements act predominantly by controlling the rate 
of transcription, and they respond to signals in the nucleoplasm to 
control the cellular specificity of gene action.

A basic understanding of gene structure is critical to an under-
standing of how mutations can disrupt gene function. Mutations can 
change the code, the punctuation, or the elements that regulate the 
expression of the gene; their detection and analysis are discussed in 
more detail in subsequent paragraphs.

The Molecular Basis of Patterns  
of Inheritance
There are three broad categories of genetic disease: chromosomal, 
monogenic, and complex. Chromosomal disorders are those in which 
relatively large segments of one or more chromosomes occur in  
only one copy or in more than the expected two copies. Examples 
would be Down syndrome (trisomy 21) and Turner’s syndrome 
(missing an X or a Y, depending on your perspective). The term single-
gene disorder refers to the large group of disorders that are due to 
mutations in only one gene. Many hearing loss disorders are known  
to be the result of mutations in specific genes; almost all single- 
gene disorders show a specific pattern of inheritance (e.g., dominant, 
recessive, X-linked). Complex traits are those in which the genetics  
are not clear. The commonly accepted idea is that complex disorders—
like cleft lip and/or palate, reading disability, cancer, and hyperten-
sion, to name a few—are the result of the interaction between  
several genes, the environment, and random factors. The otolaryngolo-
gist will encounter each category of genetic disease. Chromosomal 
disorders are generally severe but will frequently present with hearing 
and head and neck problems. Single-gene disorders are also severe,  
but many are not associated with multiple anomalies and/or mental 
retardation. The bulk of an ENT physician’s practice involves indi-
viduals with complex disorders, because these are typically more  
frequent.

Chromosomal Disorders
With some exceptions, chromosomal disorders are generally not herit-
able. Physical abnormalities associated with chromosomal imbalance 
are the result of rather extensive duplications or deletions of genetic 
material and involve multiple genes. The most common chromosomal 
disorder that involves the autosomes is trisomy 21.12 Chromosomal 
disorders can be classified into one of four groups:

1. Aneuploidy: the excess or loss of a whole chromosome.

2. Deletion: the breakage or loss of a piece of a chromosome.

of a human being. By understanding the information contained within 
the genes, we will come to understand the basics of our own biology.

Unfortunately, the information in the genome is simply not 
organized into rational groupings. One purpose of the genome project 
had been to develop an index of the genome that would allow research-
ers who are trying to connect specific genes with specific disorders to 
do so efficiently.9,10 From the perspective of the otolaryngologist, this 
means first that gene-specific diagnoses are now available for many 
ENT-related disorders and that ultimately better therapies will emerge 
as more is learned about the basic nature of hereditary disorders that 
affect hearing, speech, and the structures of the head and neck.

The genome revolution has placed mankind at the brink of the 
development of new and exciting therapies for both rare and common 
genetic disorders.11 It will thus become increasingly important for the 
ENT practitioner to recognize those disorders that have a strong genetic 
component.

DNA Structure and the Genetic Code
Humans store genetic information in DNA, which is a linear polymer 
made up of four different nucleotides: adenine (A), guanine (G), thy-
midine (T), and cytosine (C). Nucleotides (also called bases) are linked 
together by phosphodiester bonds into a single strand. Nucleotides also 
have the capability of pairing with each other (A with T and G with 
C) through hydrogen bonds. Two strands of DNA can pair with each 
other in a complementary fashion (again, A with T and G with C) to 
form a double helix. The two strands are perfectly complementary; for 
example, if one strand has an order of ATGGGCCATA, its comple-
ment would be TACCCGGTAT. During replication, the two strands 
separate, and the base sequence of each strand would dictate the con-
struction of a new, complementary strand. In this way, the sequence 
of the double strands is preserved in the two new identical double 
strands that are produced.

A single strand has an orientation that reflects the direction of the 
phosphodiester bond, which is usually referred to as going from the 5′ 
to the 3′ end; genes are transcribed in this direction. Because there is 
a double helix, the actual transcription occurs from only one strand, 
called the template strand. The antiparallel strand is referred to as the 
coding strand, because its base sequence corresponds with the sequence 
of the message; however, uracil is substituted for thymidine in the 
message.

The sequence of bases is what determines all parts of the gene, 
and it specifically determines the sequence of amino acids in the protein 
that results from the process of translation. The nucleotides within the 
coding region are arranged in groups of three, called codons, which 
determine the precise amino acid sequence. Because there are four 
bases, there are 64 possible combinations of nucleotides, but there are 
only 20 amino acids. Thus the code is said to be degenerate, because 
most amino acids are specified by more than one codon. For example, 
the code for valine can be GTT, GTC, GTA, or GTG. The third 
nucleotide can vary for most amino acids and is often called the wobble 
nucleotide. A specific codon, ATG, codes for methionine and also 
indicates the beginning of a coding sequence. There are three stop 
codons: TAA, TAG, and TGA.

Gene Structure and Expression
The definition of a gene has gone through several stages and is now 
neither simple nor straightforward. The gene is the basic unit of bio-
logic information that can be transmitted from parents to offspring, 
and it typically provides information about structural or functional 
components of the cell. The information transfer occurs not only 
between parent and daughter cells but also between the nucleus and 
the cytoplasmic machinery. The transfer of this information is called 
inheritance when it occurs between parent and child. The transfer of 
information from genome within the nucleus to the cell proper would 
be referred to as gene expression. Gene structure has presumably evolved 
in a way that facilitates the transfer of genetic information, but the true 
molecular boundaries that define any specific gene are often poorly 
recognized.

The basic eukaryotic gene is made up of exons and introns. Exons 
make up the coding part of the gene; the intron is DNA that is inter-
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However, hearing and head and neck anomalies are unlikely to be a 
serious concern because of the limited survival.

Patients with trisomy 21 have ears that are smaller than normal. 
About 75% have hearing loss, which can be sensorineural, conductive, 
or mixed.17 The prognosis of a child with trisomy 21 is generally good, 
and correction to normal hearing is important for helping such a child 
achieve maximal abilities.18

The common aneuploidies that involve the sex chromosomes 
include 45,X (Turner’s syndrome, phenotypic female) and 47,XXY 
(Klinefelter’s syndrome, phenotypic male). Although profound hearing 
loss is infrequent, mild to moderate hearing loss is common in 45,X 
individuals.19-21 Females with Turner’s syndrome are highly susceptible 
to otitis media, but whether this changes with hormone replacement 
therapy remains to be investigated.20,22,23 About 25% of children with 
Klinefelter’s syndrome have a mild sensorineural hearing loss.24,25 
Hearing losses in both Turner’s and Klinefelter’s syndromes often 
remain undetected.

Chromosomal Rearrangements
Usually aneuploidies are not heritable; however, rearrangements, trans-
locations, and inversions can be. There is a heritable form of trisomy 
21 that involves a translocation between chromosome 21 and another 
chromosome, usually chromosome 14. This is a so-called centric fusion 
translocation that results in the loss of both short arms and the fusion 
of the two long arms of chromosomes 21 and 14. A balanced chromo-
some complement would be 45 chromosomes. Because of the abnormal 
way in which the chromosomes need to be paired, this translocation 
sets the stage for an abnormal separation of chromosomes during 
meiosis. The result can be a balanced carrier, like the parent (a normal), 
or a carrier who has three copies of chromosome 21 material. Both 
translocations and inversions can be heritable and could result in a 
family that has multiple instances of children with multiple anomalies. 
The heritable forms can be distinguished by a straightforward cytoge-
netic evaluation.

3. Duplication: the insertion of an extra partial copy of a chromosome 
onto an existing chromosome. This sometimes involves a different 
chromosome but it is often a tandem duplication that yields a 
second copy of the same set of genes just adjacent to the original 
DNA segment.

4. Rearrangement: two breaks of a chromosome or chromosomes and 
the subsequent refusion of the ends of the chromosome into a dif-
ferent order. When this involves two different chromosomes, it is 
called a translocation; when the same chromosome is involved and 
the order is reversed, it is called an inversion.

A chromosomal abnormality can occur in all or just some of the 
cells; the latter instance is called mosaicism. For example, most malig-
nant cell lines show extensive chromosomal mosaicism, with multiple 
cell lines present in the tumor. Many females with only one X chromo-
some (designated as 45,X) are mosaic with a minor cell line that has a 
normal female constitution, 46,XX. The degree of mosaicism and the 
distribution in different tissues is believed to determine the severity of 
some cytogenetic disorders.

Aneuploidies
A trisomy is demonstrated when three copies of a whole chromo-
some occur in an offspring. This happens because of nondisjunction, 
which is the movement of a pair of chromosomes to the same pole 
during cell division; this results in one daughter cell lacking that  
chromosome and the other daughter cell possessing an extra copy of 
that chromosome.13 The three major autosomal trisomies are 21, 18, 
and 13.

Trisomies 13 and 18 are not compatible with long life, and the 
average life span of individuals with either of these conditions is less 
than 1 year. The majority of infants with trisomy 13 are profoundly 
deaf and have a cleft lip and palate in addition to multiple other con-
genital anomalies.14,15 Hearing loss is frequent in trisomy 18 as well.16 
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Figure 1-1. Gene structure and transcription. The ultimate primary function of most genes is to produce a protein in a cell at a time at which it 
is needed. Genes have structures that are adapted to this function. Not only does a gene have syntax that establishes the amino acid sequence 
of the protein, but it also has punctuation and regulatory sequences that control its expression. The exons make up the coding or information 
content of the gene; these are interspersed with introns, which are DNA sequences with a function that is only poorly understood. The first step 
of expression is transcription. The gene is transcribed from the 5′ cap to the end of the polyadenylation signal. This transcript contains both 
introns and exons, and so the next step is for the introns to be excised. Recognizable splice-site junctions are needed for this to occur normally, 
and so are other sites that assist in the recognition of the appropriate splice sites. The final mRNA product contains the code that is necessary 
for the final step of translation, after which a protein is made.
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tion of male-to-male transmission establishes an autosomal position of 
the gene.

There are three major mechanisms by which dominant genes 
generally influence phenotype: haploinsufficiency, the dominant- 
negative effect, and the two-hit effect.30,31 Haploinsufficiency refers to 
the situation in which the inactivation of one gene reduces the gene 
product to a point where it is insufficient to maintain some cellular 
function at its normal level. Genes that contain proteins that regulate 
metabolic activity or transport are likely candidates for this mecha-
nism. A dominant-negative effect occurs when the gene product 
actively interferes with normal cellular processes; the gene is producing 
a protein that either has acquired a new function or that competes  
with the action of the normal protein. The two-hit effect refers to 
the situation (e.g., retinoblastoma) in which one allele is inactive, and 
the disease results from its homologue being inactivated by second 
mutation. At the organism level, the inheritance appears to be domi-
nant, but the mechanism of action at the cellular level is recessive.  
This is an important mechanism for the development of tumors in 
dominantly inherited cancer syndromes. For example, it is probably  
the mechanism of the carotid body tumor. The mechanism by which 
a dominant gene causes pathology is an important consideration in  
the search for treatments. For those disorders that are caused by  
insufficient gene products, the addition of a gene (or accompanying 
products) may be considered a reasonable approach to treatment and 
is likely to be easier to achieve. A dominant-negative effect, however, 
requires that the action of the gene and/or its product be stopped;  
this is a far more difficult task conceptually than is that of product 
replacement.

Examples of dominantly inherited disorders that are important in 
otolaryngology include all of the dominantly inherited nonsyndromic 
hearing losses, Waardenburg syndrome,31,32 BOR syndrome,33,34 
Treacher-Collins syndrome,35,36 and many others.1

Recessive Disorders
Autosomal recessive disorders result only when a person has two abnor-
mal copies of the same gene. Because the affected person must be 
homozygous, both unaffected parents are heterozygous and thus carri-
ers. In many families, the heritability of a recessive trait is not obvious. 
Given today’s small family sizes, most individuals with recessive disor-
ders present to the clinician as singleton cases lacking any family history 
of the same disorder. More than 50% of all cases of Usher’s syndrome 
in the United States represent the only affected individuals in their 
respective families; most of the rest have a few affected siblings. When 
normal parents have a child with a recessive disorder, the chance of it 
occurring in any other children they may have is 25%. Although many 
of the unaffected relatives may also be normal heterozygotes (e.g., aunts 
and uncles have a 50% chance of being a carrier; first cousins have a 
25% chance), one only infrequently observes recurrence outside of the 
initial sibship involved. One important clue to recessive inheritance is 
the presence of consanguinity. Important disorders that are inherited 
via autosomal recessive routes include nonsyndromic deafness,37 
Pendred syndrome,38,39 Usher syndrome,40,41 Alstrom syndrome,42 and 
many others.1

It is the nature of recessive disorders that the abnormal gene is in 
a much higher frequency than would be appreciated on the basis of the 
relative rarity of the disorder. For example, Usher’s syndrome type Ib, 
which is due to a defect of MYO7A,43 is present in about 1 in 25,000 
births; heterozygote frequency is estimated at about 1 in every 80 
persons. For every affected person, there are more than 300 heterozy-
gotes; if there are 10,000 patients with type Ib Usher’s syndrome in 
the United States, there should be 3,000,000 carriers. For all rare reces-
sive conditions, most of the gene pool resides with the asymptomatic 
carriers. In some disorders, the carrier rate is quite high; connexin 26 
deafness (caused by a defect of GJB2) is the most common form of 
deafness in the United States,44 and carrier rates may be as high as 1 in 
every 25 persons. Some recessive disorders appear to have a high fre-
quency in certain populations. For example, cystic fibrosis is common 
among people of European extraction,45 Tay-Sachs among Ashkenazi 
Jews,46 and sickle cell anemia (hemoglobin beta S disease) in individu-
als of African ancestry.47,48

Single-Gene Disorders
The terms dominant and recessive usually refer to the pattern of inher-
itance of a particular disorder, but, more importantly, they communi-
cate the way in which combinations of two alleles produce a specific 
(usually abnormal) phenotype. With a dominant inheritance pattern, 
individuals who carry one copy of the mutant allele (heterozygote) or 
two copies of the mutant allele (homozygote) are equally affected. With 
recessive inheritance, a person must be homozygous for the mutant 
alleles; individuals who are heterozygous are normal. When using these 
terms to describe a disease, if the disease is called dominant, then 
normal is recessive, and vice versa. True dominance is probably uncom-
mon. Branchio-oto-renal syndrome (BOR) is described as dominant,26 
but because it is uncommon a true mutant homozygous individual has 
probably never been born. Most geneticists would expect that patients 
with the homozygous mutant form of BOR would have a more severe 
phenotype, one that is possibly even lethal. Similarly, one might expect 
that patients with many of the recessive nonsyndromic deafness disor-
ders could have a mild manifestation in the heterozygote, possibly 
contributing to the liability of the development of age-related hearing 
loss. An example of true dominance occurs with Huntington’s disease, 
in which a homozygous patient who is affected has the same phenotype 
as heterozygous individuals.27,28

Dominant Disorders
Figure 1-2 shows a typical family pedigree of an autosomal dominant 
disorder. Under full penetrance, each affected individual has an  
affected parent. Because they are heterozygous, each affected individual 
has a 50% chance of transmitting the abnormal gene to offspring,  
each of whom would be similarly affected. The only reasonable 
instance in which a person could be homozygous and affected would 
be if both parents were affected. Dominant mutations are recognized 
through their pattern of inheritance, which typically shows vertical 
transmission and the involvement of several generations and several 
sibships.

Affected patients are typically equally distributed between the 
sexes. However, a few sex-limited and sex-modified dominant disorders 
do exist.29

Dominance occurs with X-linked genes as well. The biochemical 
basis of the action of dominance is the same, but the pattern of inher-
itance is distinctly different. Twice as many females as males are 
expected to be affected. X-linked dominant pedigrees can mimic the 
characteristics of an autosomal dominant one, but they would not be 
expected to show male-to-male transmission. When the distinction 
between autosomal and X-linked dominant is in question, the observa-

I

II

III

IV

Figure 1-2. Pedigree typical of a dominantly inherited trait; in this case, 
autosomal dominant congenital deafness. The arrow points to the 
proband of the family (a proband is the person though whom the family 
came to your attention). Note that the pattern of transmission in the 
family covers multiple generations and that both sexes are affected 
equally. A slash though a circle or square indicates that the person is 
deceased.
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excessive production of a toxic substance. Some metabolic disorders are 
treatable by either supplying the missing product or enzyme, or by 
removing or reducing toxins. Refsum’s disease is a metabolic disorder 
that involves the inability to metabolize phytanic acid, thereby causing 
a lysosomal storage disorder.56 The symptoms of Refsum’s syndrome 
can be minimized by a diet that is low in phytanic acid. From the 
perspective of potential gene therapy, recessive disorders seem ideal, 
because replacement of the gene—if active—should replace the missing 
protein. Most recessive disorders are the result of almost total ablation 
of the gene function, and a reasonably normal phenotype would be 
expected with only minor restoration of gene function and protein 
levels.

Penetrance and Expressivity
Penetrance is a frequently misused word; it should refer to a simple “yes” 
or “no” with regard to the presence of any aspect of the phenotype. A 
genetic disorder is said to show reduced penetrance if some cases fail to 
show the phenotype (i.e., if the geneticist is unable to make a clinical 
diagnosis). For example, Figure 1-4 shows a pedigree of a family with 
Waardenburg’s syndrome type I. Waardenburg’s syndrome is an auto-
somal dominant disorder that is characterized by variable hearing loss, 
pigmentary anomalies (i.e., white forelock, heterochromia irides, vitil-
igo), and a characteristic broad face with widely spaced inner canthi.57 
Mutations of the PAX3 gene on chromosome 2 are responsible for the 
majority of cases of this type of Waardenburg’s syndrome.12,58 There is 
considerable variability in the extent to which the different symptoms 
appear in different family members. Individual III-7 in Figure 1-4 has 
dystopia canthorum but no pigmentary anomaly or hearing loss. Still, 
the gene would be considered to be penetrant, because the diagnosis 
can be made as a result of the presence of dystopia. On the other hand, 
individual III-2 shows none of the characteristics expected from having 
the mutant PAX3 gene, and her genotype can only be inferred by the 
presence of her two affected children.

The term expressivity is used to describe the continuum of the 
severity of the phenotype. Zero expression is equivalent to nonpene-
trance. The expressivity of dominant genes is often quite variable, 
whereas that of recessive disorder is more consistent, especially within 
families. Variable expression implies that there is some mechanism by 
which the severity of the disorder can be modified. These mechanisms 
may include background genes and/or environmental effects. The 
investigation of the causes of variable expression could lead to new 
approaches to therapy.

Pleiotropism is a term used to describe a gene that affects multiple 
organ systems in an apparently unconnected manner. For example, 
BOR syndrome can influence renal development as well as hearing.

Sometimes the increase in frequency of certain conditions in 
certain populations is a result of what is referred to as the founder effect. 
A good example of the founder effect is the very high frequency of 
Usher’s syndrome type IC (due to a defect in the harmonin gene) 
among the French Acadians of Louisiana.49 This gene is presumed to 
have been present in a few individuals who represented a significant 
part of the small number of immigrants to that region. The French 
Acadians stayed genetically isolated, and their numbers increased. 
Because of the chance occurrence of the gene in the founder popula-
tion, the high frequency has been maintained to this day. Other reces-
sive disorders have a unexpectedly high frequency believed to be caused 
by certain patterns of selection, such as those that are seen when the 
heterozygote has a selective advantage over both homozygotes, such as 
with sickle cell anemia. Selection was important when establishing the 
high frequency of the hemoglobin beta S allele in Africans. One of the 
most interesting genetic puzzles now surrounds the reason for the high 
frequency of connexin 26 deafness alleles. If this is due to a founder 
effect, then why is there a high frequency of different mutations in 
Jews, Europeans, and Asians? The high frequency across ethnic lines 
suggests that the heterozygotes may have (or may have had) a selective 
advantage over the homozygous normal.

X-linked genes may also harbor recessive mutations. The molecu-
lar mechanisms are the same, but the pattern of inheritance is unique 
and remarkable. Females, who have two X chromosomes, are hetero-
zygotes/carriers. Males, with only one X, are affected; they have only 
one copy of the abnormal gene, because the Y chromosome carries little 
in the way of genetic information. The pattern of inheritance is shown 
in Figure 1-3. Carrier females have a 50% chance of transmitting the 
abnormal gene, which means that half of a carrier female’s sons will be 
affected and that half of her daughters will be carriers as well. An 
affected male cannot transmit the gene to his sons, because he would 
need to transmit a Y to have a son; however, all of his daughters would 
be carriers, which would mean that 25% of his grandsons could be 
affected. The two best known X-linked traits are hemophilia50 and 
Duchenne’s muscular dystrophy.51 X linkage plays only a minor role 
in nonsyndromic hearing loss. To otolaryngologists, perhaps the most 
notable disorders are X-linked deafness with perilymphatic gusher,9,52 
Alport’s syndrome,53,54 and Mohr-Tranebjaerg’s syndrome.55

Biochemical defects underlying recessive disorders were among 
the first for human geneticists to understand. Early work in human 
genetics focused on metabolic defects. Many recessive disorders were 
found to be due to enzyme deficiencies that interrupted a specific 
metabolic pathway. Heterozygotes had sufficient enzymes for a typically 
dosage-tolerant pathway to operate and maintain a normal phenotype. 
Pathologic results occur either because some product is lacking or 
because the interruption of the pathway diverts the metabolism to the 

Figure 1-3. X-linked recessive disorders show a very characteristic 
pattern of inheritance. Females are carriers, and they are usually 
asymptomatic. They are indicated here by the half-colored circle; the 
diagnosis of carrier status was done here by inference from the parents 
having an affected son; however, for many disorders, carrier tests are 
available.
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Figure 1-4. This is a pedigree of a family with dominant Waardenburg’s 
syndrome. It shows variable expression and nonpenetrance. Such 
variability is usual for many dominant hearing-related disorders. Indi-
vidual III-2 is inferred to be nonpenetrant by virtue of having an affected 
son.
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involved remains unknown, and it is possible that some complex dis-
orders could be due to a few major genes that have very reduced pen-
etrances. The idea of using linkage and gene mapping to identify 
liability genes has become appealing during the last decade, primarily 
because of the great interest in common disorders and because molec-
ular and gene mapping tools have become quite sophisticated. Some 
types of neurosensory hearing loss are thought to be inherited in a 
complex manner. Naturally, age-related hearing loss (presbycusis) is a 
likely possibility.67,68 Liability for otitis media has also been hypothe-
sized to be under some genetic control.69 In the previous section, it was 
mentioned that liability for aminoglycoside-induced hearing loss is 
associated with a change in a mitochondrial gene. It would be reason-
able to expect that other liabilities for infection (e.g., rubella) may be 
under genetic control.70 The discovery of liability genes promises to 
have a great payoff in terms of the diagnosis of high-risk groups, as well 
as highlighting new possibilities for treatments that might mimic what-
ever mechanisms the genes use to confer resistance.

Genetic Heterogeneity
Genetic heterogeneity refers to the existence of cases with similar phe-
notypes but with differing causes. Childhood deafness, Usher’s syn-
drome, and retinitis pigmentosa are good examples of this phenomenon. 
With Usher’s syndrome, there are at least five different genes that all 
cause the severe form of Usher’s syndrome type 1.71 The phenotypes 
appear to be indistinguishable, and a differential diagnosis can be made 
only with molecular testing. However, if a man with Usher’s syndrome 
type Ib produces offspring with a woman with Usher’s syndrome type 
Id, all of the children would be expected to have hearing and normal 
vision, but they would be carriers of both Usher’s syndrome types Ib 
and Id.

Testing Human DNA
DNA and ribonucleic acid (RNA) have two useful properties. One is 
that of easy replication; DNA generally makes copies of itself. The 
second is their ability to hybridize; they are sticky. If one starts with a 
double strand of DNA and heats it sufficiently, the two strands will 
dissociate (melt) into a mixture of single-stranded nucleic acid chains. 
If this mixture is cooled, complementary strands will reassociate 
(hybridize). The replication property is what makes the polymerase 
chain reaction (PCR) work, and the hybridization property has allowed 
a variety of DNA and RNA detection systems to be developed.

Polymerase Chain Reaction
PCR is a method of amplifying targeted sequences of DNA.72 Oligo-
nucleotide primers are constructed that are complementary to the 5′ 
and 3′ ends of the DNA fragment to be amplified. The size of the 
fragment is typically only a few hundred bases, but techniques like long 
PCR may involve several thousand bases. A specific thermostable DNA 
polymerase is used. The DNA is heated until it melts, and the tem-
perature is then slowly lowered; at the time at which the primers anneal 
to the test DNA, the PCR is run and the fragment is duplicated. The 
heating-cooling cycle is then repeated 20 to 30 times; each time, the 

Figure 1-5. Mitochondrial disorders show several generations involved. 
Transmission is from a mother to all of her children. Males do not 
transmit the disease to their children. There can be variable expres-
sion, which is sometimes due to variable proportions of the mutant-
type and wild-type mitochondria.

Oligogenic Disorders
Some disorders are believed to be caused by the interactions among a 
few genes. Deafness as a result of connexins 26 and 30 is one possible 
example. The two genes, GJB2 and GJB6, are adjacent to each other 
on chromosome 13, and deafness has been observed in children with 
mutations in each of the two genes, each on separate homologues.11,59,60 
This is a digenic effect, and it has also been proposed to occur in certain 
cases of retinitis pigmentosa.61,62 In the case of deafness, it is not yet 
clear whether the effect is truly digenic or whether the deletion in GJB6 
interferes with the control of expression of GJB2. It would be expected 
that many human disorders may have their severity and/or their pleio-
tropic effects modified by other major genes.

X Linkage
Pedigrees of dominant and recessive X-linked disorders are discussed 
above and are presented in Figures 1-2 and 1-3. X-linked dominant 
and recessive traits show more variable expression in females than in 
males. One reason for this has to do with inactivation of one X chromo-
some in females, a phenomenon that is also referred to as the Lyon 
hypothesis. One X from each cell is randomly selected to be inactivated 
early during development, and all of the daughter cells will have the 
same X inactivated; this occurs in all cells except germinal line cells. 
When a female is heterozygous for an X-linked gene, the fraction of 
cells that have the normal gene inactivated would be expected to vary 
but to be around 50%. If, by chance, a significant proportion of normal 
genes are inactivated, a mild phenotype may result; this has been 
observed in patients with hemophilia and muscular dystrophy. The 
impact of X inactivation on the few X-linked hearing loss disorders has 
not been extensively studied. Occasionally, a fully affected female will 
be observed; many such patients have one or another form of Turner’s 
syndrome, others may have nonrandom X inactivation, and a few may 
be true homozygotes.

Sporadic Cases
When only one case of a particular disorder occurs in a family, its 
heritability is not evident; this is an especially frequent event with 
childhood deafness. The etiology of the sporadic case can be dominant 
as a result of a new mutation that has not yet had an opportunity to 
be transmitted and show the typical inheritance pattern. A sporadic 
case could also be recessive, because most recessive disorders present as 
sporadic cases. X linkage, if the patient is male, is also a possibility, and 
so are more complex patterns of inheritance. In the case of childhood 
hearing loss, obviously there are many nongenetic factors that may be 
responsible as well. The pattern of inheritance can help with the diag-
nosis of many ENT-related disorders, but close examination of the 
clinical phenotype is critical, especially for sporadic cases.

Mitochondrial Disorders
The mitochondria represent the only nonchromosomal DNA that is 
inherited. Each cell has several hundred copies of usually identical 
mitochondria. Mitochondria are inherited solely through the maternal 
line, with the father giving few, if any, mitochondria to his offspring. 
This makes for a curious pattern of inheritance: all of the children of 
an affected mother are affected, but there is never transmission through 
the father (Fig. 1-5). Susceptibility to aminoglycoside-induced hearing 
loss is the result of a mutation (A1555G) in the 12S rRNA gene of the 
mitochondrion.63-65 There are other, more severe disorders that result 
from mitochondrial mutations. One is the Kearns-Sayre syndrome, in 
which the hearing loss is extremely variable66; this is presumably because 
not all of the mitochondria carry the causative mutations. A mixed 
population is called heteroplasmy; this is a frequent occurrence in those 
disorders that may well be lethal if all the mitochondria carried the 
mutant gene (homoplasmy).

Complex Traits
Common disorders are believed to involve some mix of genetic and 
environmental causes. The genetics that underlie such traits have been 
labeled multifactorial or polygenic. Data indicate that several genes inter-
act to produce a liability for a particular abnormal phenotype. Each 
gene is presumed to have a small effect. Actually, the number of genes 



E

Chapter 1  n  Genetics and Otolaryngology    9

it with the restriction enzyme, and running the product on an electro-
phoresis gel. Fragments with one or more restriction sites will show 
multiple bands; if a restriction site is added or lost, it can be easily 
detected by noting the position and number of DNA bands. However, 
not all DNA changes involve a restriction site. Methods based on the 
innate annealing capacity of DNA can also be employed. The use of 
DNA chips in this regard is discussed previously.

It is generally thought that screening for known mutations in a 
gene is a reasonable and less expensive strategy for making a molecular 
diagnosis. However, if a patient does not show one of the known muta-
tions, this does not rule out the patient as having a pathologic mutation; 
it could be that the mutation has not yet been observed. In fact, many 
mutations are extremely rare and occur in only one case or family. 
Many mutations are limited to a specific family because they have not 
had time to spread throughout the population. As a result, molecular 
diagnosis must rely on techniques that can pick up novel mutations. 
Direct sequencing of a gene is one approach (Fig. 1-6). However, if the 
gene is large, the sequencing effort can be time consuming and expen-
sive. There are two popular methods that help with screening DNA for 
mutations: heteroduplex testing and single strand conformation poly-
morphism (SSCP). In heteroduplex testing, a fragment is amplified, 
heated, and allowed to anneal with itself.77,78 If the patient is hetero-
zygous, then the fragment will contain two populations of DNA, one 
with each of the two DNA variants. When the DNA is heated, it melts. 
Then, when it cools, it anneals back onto itself. However, three differ-
ent forms of double-stranded DNA are formed. Two forms are like the 
original mother strands; the third, however, contains two strands that 
have mismatched bases—a so-called heteroduplex. This produces a 
double strand that migrates slightly differently under certain condi-
tions. This can be easily visualized using denaturing high performance 
liquid chromatography (DHPLC) (Fig. 1-7). After a potential muta-
tion is recognized, the fragment can then be sequenced and the specific 
base change can be precisely identified. Other methods of mutation 
detection include allele-specific oligonucleotide hybridization, reverse 
dot blots, and amplification refractory mutation systems.79

Ethical Issues
Genetics has raised a host of ethical issues that had not been of much 
concern before the 1990s. From the physician’s perspective, one issue 
relates to his or her “duty” to inform patients who are at risk for genetic 

USH2A Exon 4 653 T>A mutation

Figure 1-6. Sequencing is currently the best way of determining the 
genetic constitution of a gene or of part of a gene. This figure shows 
sequencing that was done to identify the mutation found in a patient 
with Usher’s syndrome type IIa. Each row corresponds to a separate 
person. The arrow indicates the precise base position at which the 
mutation was found. The peaks and their colors correspond with each 
of the four bases in DNA. The control/normal sequence is shown in 
the middle frame. At position 653 in exon 4, there has been a change 
in the T (thymine) to an A (adenine). The affected patient in the bottom 
frame shows only an A at that position, which indicates that he is most 
likely homozygous for the mutation. His parent is shown in the first 
frame, and it is evident at that position that both the adenine and 
thymine bases are being detected by the sequencing reaction; this is 
typical of a heterozygote.

DNA fragment between the two primers is duplicated, eventually 
resulting in several thousand fragments that each have the same length 
and DNA sequence. PCR is easy to carry out and can be used on 
minimal samples of DNA; these large quantities of manufactured DNA 
can then be subjected to a variety of experimental investigations. For 
example, the DNA can be electrophoresed, stained with ethidium 
bromide or silver stain, and visualized on a simple agarose or acrylamide 
gel. The size of the fragment and—more importantly—slight changes 
in its size can be easily noted. The DNA can be directly used in a 
sequencing reaction to verify that the sequence of the fragment is as 
expected. Almost all modern molecular diagnostics start with PCR.

Nucleic Acid Hybridization and Southern Blotting
The early 1980s analysis of genes involved a blotting procedure devel-
oped by E. M. Southern that involved hybridizing DNA in a solution 
(the probe), with the DNA on a stable membrane support, usually filter 
paper.73 The probe is labeled with radiolabeled bases (fluorescent tags 
can be used as well), and the migration of the target DNA can be 
visualized by autoradiography. Southern hybridization of genomic 
DNA has limited use in today’s molecular genetics laboratories; 
however, it is still useful for detecting and analyzing large fragments of 
DNA.

DNA Chips
DNA chips are referred to in two contexts: one when they are used for 
the analysis of patterns of gene expression,74 and the other when they 
are used for the detection of single-base variation in individuals.10,75 
There are several different chip systems, but the basis of the function-
ality of the chip lies in the ability of antiparallel nucleic acid strands to 
hybridize.

Oligonucleotides that are typically 8 to 20 bases long and that are 
each of known sequence are arrayed onto a surface by a photolitho-
graphic method. These oligonucleotides can be linked, for example, to 
a fluorescent detection system. When bathed in a sample, RNA or 
DNA with homology to the oligonucleotides on the chip can be 
detected. One use of chips is to analyze changes in the pattern of expres-
sion of cells as they change; for example, they have been used to deter-
mine which genes are up- and down-regulated during the process of 
repair after cochlear cells have been damaged by high levels of noise.76 
Chips can help determine which (if any) genes change their pattern of 
expression in response to different disease processes.

Chips can also be used to detect single-base differences. Many 
single-base changes are polymorphic (i.e., they have a frequency of 
heterozygosity of more than 2%); these are called single-nucleotide 
polymorphisms, or SNPs. There are thousands of these polymorphisms, 
and they can be employed effectively for the mapping of complex 
disorders. Not all single-base changes are clinically neutral; some inac-
tivate or change the gene in which they occur. Chips are an inexpensive 
and rapid way of detecting single-gene pathologic mutations, and they 
are likely to become the principal means of diagnosis of many genetic 
disorders. However, chips cannot be used to detect novel mutations, 
so the lack of a positive “hit” does not disprove a diagnosis.

Mutation Testing
The detection of pathologic mutations is the essential step toward 
making a definite molecular diagnosis. Although there are several dif-
ferent strategies to use, the initial evaluation depends on whether one 
is looking for a known mutation or whether the patient has a novel 
mutation that has never been seen before. When the mutation is 
known, molecular techniques that focus on specific base changes can 
be employed. One method relies on changes in restriction sites. A 
restriction enzyme is one that recognizes a specific short sequence of 
bases (usually 4 to 8 bases long) and that cleaves the DNA at that site 
or nearby. The DNA site that is recognized by a restriction enzyme is 
usually palindromic, which means that the sequence reads the same in 
both directions. For example, the restriction enzyme Taq I recognizes 
the palindromic sequence TCGA and the complementary AGCT, and 
it cuts the DNA between the T and the C. If there is a change in DNA, 
it can either disrupt an existing restriction site or create a new one; this 
can be detected by amplifying the appropriate DNA fragment, cutting 
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diagnosis. This aids in the establishment of a prognosis, the elimination 
of the need for further expensive (and perhaps invasive) clinical testing, 
and the provision of information to the family about the likelihood of 
the disorder in other family members.
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disorders. If a woman is found to carry breast cancer liability alleles on 
the BRCA1 gene, is it the physician’s responsibility to make sure that 
this patient communicates the possibility of risk to her female relatives? 
There is clearly a conflict here between the patient’s right to privacy 
and the responsibility to “do good” by informing women for whom 
this extra diligence just might be life saving. Any genetic diagnosis 
carries with it the potential that a person other than the primary patient 
could be involved. The diagnosis of GJB2 hearing loss identifies sib-
lings, cousins, and other relatives as potential heterozygotes who have 
an increased risk of having a child with profound deafness. It is not 
always the case that family members want the information, either. 
Although the issue is still argued, the general consensus is that the flow 
of information must come from the patient or an immediate family 
member, in the case of a minor.

The Utility of Molecular Genetics  
in Otolaryngology
The main role of molecular genetics in medical science is as a diagnos-
tic tool. At the present time, the emphasis is on disorders that are caused 
by major genes. DNA testing can be used to definitively establish a 
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Figure 1-7. Denaturing high-performance liquid chromatography (DHPLC) using a WAVE apparatus is a common method of screening for mutations. 
This figure shows the results of DHPLC for three different mutations of exon 38 of the Myo7a gene, which causes Usher’s syndrome type Ib. A 
fragment of DNA is amplified by polymerase chain reaction, heated to disassociation, and then cooled. Upon reannealing, four different double-
stranded molecules are possible, two of which represent the original fragments. The other two will have double strands that differ slightly (e.g., 
at only one base) and that cause a slight conformational change that alters their mobility; this is observed as an additional peak or peaks when 
run out on a column. When a peak is observed, the exact nature of the change must be determined by sequencing.
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Key Points

• Gene therapy strategies involve (1) replacing defective genes with functional variants, (2) enhancing the expression of certain key 
genes, or (3) suppressing genes that contribute to disease.

• Methods of administering gene therapy include (1) direct injection of DNA/RNA, (2) use of specialized nonviral vectors such as 
nanoparticles, or (3) administration of a viral vector.

• More than 600 clinical trials have demonstrated the effectiveness of gene therapy in the treatment of a wide range of inherited and 
acquired diseases.

• Gene therapy has shown significant potential within otolaryngology for the treatment of head and neck cancers, to facilitate regrowth 
of hair cells within otology, and for tissue engineering in reconstructive and plastic surgery.

• Gene therapy continues to evolve with the introduction of new techniques such as RNA interference, which will revolutionize the 
treatment of disease in the 21st century.

Molecular biology is a relatively young scientific field, arising in the 
1970s after the discovery of methods to study and manipulate DNA. 
The rapid development of these techniques enabled actual clinical 
application by the 1980s and 1990s. Many diagnostic laboratory tests 
routinely used in clinical medicine, as well as methods used to develop 
and mass-produce pharmaceuticals, make use of molecular biology 
techniques.

The growing field of molecular biology has also led to the develop-
ment of novel therapeutic strategies for disease. A new understanding 
of genes and the products of their expression has allowed the emergence 
of a rising field heralded as “gene therapy.” This rapidly expanding field 
is founded on the ability to introduce genetic material into the body 
to modulate the expression of genes and to thereby treat disease or alter 
an ongoing pathologic process.

This chapter reviews basic molecular terminology and introduces 
the concept of gene and molecular therapy. Emphasis is placed on the 
rationale, methods, and progress to date for clinical application of these 
exciting therapies.

Fundamentals of Molecular Biology
The basic premise of molecular biology is to study cell function and 
regulation at the level of the genome. With this understanding comes 
insight into human disease because aberrances in cell function or regu-
lation are the basis for most diseases. The following section reviews 
fundamental terminology and concepts on how information travels 
from the genetic code to the functional protein level. Included is a brief 

discussion on cell cycling, which is an important concept in tumor 
molecular biology.

Gene Expression
The information for conducting all aspects of cellular function is con-
tained within molecules of DNA located in the nucleus. The actual 
length of a human DNA strand is 1.8 M; however, it is coiled around 
nuclear proteins called histones, which structure the folds and loops of 
DNA to allow compression into the microscopic size of the cell’s 
nucleus. Each strand of DNA contains thousands of genes, which are 
specific subunit sequences that are coded for the information required 
to synthesize a protein. One molecule of double-stranded DNA and its 
genes make up each of a cell’s 46 total chromosomes. Although every 
cell in the human body contains the same DNA, the expression of 
individual genes is not the same. Gene expression varies depending on 
the cell’s function. These differences in gene expression result in the 
multiple cell and tissue phenotypes that constitute the human body as 
a whole.

The process by which a gene codes for a specific protein begins 
with transcription, which is the formation of a single-stranded RNA 
molecule, which complements a single strand of the DNA subunit (Fig. 
2-1). This RNA molecule is subsequently modified to become the mes-
senger, which brings the genetic information or directions from the 
nucleus to the cell’s cytoplasm where the actual synthesis of the func-
tional protein occurs. After reaching the cytoplasm, the process of 
translation begins (see Fig. 2-1). During translation, the message from 
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the RNA molecule directs the construction of a protein from its basic 
subunit, the amino acid. Once a protein is formed, it may require 
further modification or control steps to enable its designated function. 
These modifications include the addition of sugars, lipids, or phos-
phates to the protein backbone. These internal control steps are medi-
ated by existing cytoplasmic enzymes, which, if defective, can also lead 
to defined diseases. Once a protein is formed within the cell cytoplasm, 
it can reside in the cell or be released to affect other tissues within the 
body. Depending on the original genetic program for the protein, it 
may serve its purpose and be rapidly degraded, or it may enter the 
circulation or reside in local or distant tissues for an extended period. 
Although stated simply here, both transcription and translation are 
complex processes that have many more modification and regulatory 
steps governed by regulatory genes and their protein products. When 
these delicate control mechanisms are lost, a disease state or a state of 
abnormal cell proliferation can ensue, as is exemplified in the develop-
ment of cancer.

Cell Division
Disorders in cell function can lead either to cell death or proliferation. 
Abnormal stimulation of cell proliferation is the basis for the develop-
ment of cancer. For a cell to divide, it must progress through the various 
phases of growth and reproduction that constitute what is called the 
cell cycle (Fig. 2-2). The principal components of the cell cycle are the 
replication nuclear DNA and its distribution among the progeny cells 
(i.e., daughter cells). The first phase of the cell cycle is called G1, and 
it is here that all the enzymes, nucleic acids, and other factors are pro-
duced that will enable DNA replication or “synthesis,” which occurs 
in the S phase. Once the DNA is replicated, a period of cell growth 
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Figure 2-1. The basic steps involved in gene expression. Genes are copied within the nucleus by RNA polymerase, resulting in production of a 
complementary RNA strand. This is processed to produce mRNA. The mRNA exits the nucleus and undergoes “translation” by ribosomes to form 
a protein product.

and duplication of cellular proteins and structures occurs in a period 
called G2. After this cell growth, the actual distribution of the repli-
cated DNA and the physical division of the parent cell into two daugh-
ter cells occur in the M phase, which takes approximately 1 hour. After 
cell division, the cell cycle process can begin again, or the cell may enter 
a state of rest called G0.

The signal to divide can come from either internal factors or 
exogenous growth factors, which bind to cell surface receptors and 
stimulate a cascade of events, which lead to division. Important internal 
control mechanisms exist at the genetic level, which help regulate cell 
cycling. The “negative regulatory” genes that code for proteins inhibit-
ing abnormal cell proliferation are called tumor suppressor genes. A 
mutation or loss of a tumor suppressor gene is a basic step in the 
development of many human cancers. Cell cycling can also be abnor-
mally induced by cellular oncogenes, which naturally exist within cells 
but are typically kept dormant either by tumor suppressor genes or 
other regulatory mechanisms. Loss of negative regulation from tumor 
suppressor genes or amplification or mutation of the actual oncogene 
has also been associated with cancer formation.

Continued molecular research will provide further understanding 
of cell cycle regulation and may lead to novel therapies for treating 
human cancer. A discussion of basic molecular biology techniques, 
which have provided the means to understand gene expression, regula-
tion, and cell cycling, is found in Chapter 16.

Gene Therapy
The basic principle of gene therapy is that the intrinsic expression of 
certain genes in body tissues can be modified to treat disease. This may 
involve replacing a defective gene with a functional version, enhancing 
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grown in the laboratory, and the gene for tumor necrosis factor (TNF) 
was introduced into the cells.7 The genetically engineered cells were 
subsequently transfused into the patient and preferentially migrated to 
the site of residual tumor, delivering a therapeutic dose of TNF. As the 
molecular basis for disease is elucidated, there is likely to be increasing 
interest in this form of gene therapy.

Suppressing Gene Expression
Most recently, as the molecular pathways that underpin disease—par-
ticularly cancers—are unraveled, there has been excitement about the 
possibility of suppressing key genes known to be involved in the disease 
process. For example, RET, a proto-oncogene implicated in the patho-
genesis of medullary thyroid carcinoma, can be inactivated by inducing 
expression of a mutant form of the RET gene, resulting in tumor 
regression.8 This approach is dependent on the “dominant negative” 
effect where the mutant gene encodes a protein that retains binding 
ability to other key proteins that normally interact with the wild-type 
gene. However, the mutant protein is nonfunctional, creating a com-
petitive inhibition of the wild-type functional variant. Dominant  
negative therapies are presently being translated to clinical trials in the 
hope of developing novel treatments, particularly within the field of 
oncology.

A new technique that may have immense potential for the future 
of gene therapy is RNA interference (RNAi), a method by which genes 
can be selectively “silenced.” RNAi is a ubiquitous mechanism that is 
used by the cell to effectively “turn off” specific genes, as described a 
decade ago in a landmark paper.9 In this study, injection of double-
stranded RNA consisting of both sense and antisense strands into the 
nematode Caenorhabditis elegans profoundly silenced the gene with a 
sequence complementary to the dsRNA. The potential for RNAi in 
research and therapeutics was immediately recognized. In effect, any 
gene, including those involved in cancer, could be silenced and the 
effect of this loss of function on phenotype could be elucidated. The 
scientists who discovered RNAi were awarded the Nobel Prize in Med-
icine in 2006, only 8 years after publication of their initial, landmark 
paper.

Subsequent studies have partially determined the mechanism  
for RNAi (Fig. 2-3). In brief, an RNAase enzyme called Dicer 
cleaves dsRNA to form 21- to 23-nucleotide fragments of RNA. This 
short-interfering RNA (siRNA) is the actual effector molecule in 
RNAi.10-12 The siRNA is integrated into the RNA-induced silenc-
ing complex (RISC), after which the sense strand of the duplex is 
discarded. The antisense siRNA is retained and acts as the “guide 
strand,” directing RISC to mRNA molecules with a complementary 
sequence.13 RISC cleaves the targeted mRNA, thereby silencing gene 
expression by blocking the translation of the mRNA sequence to 
protein.10,14

Considerable progress has been made in applying RNAi to mam-
malian systems. Transfection of mammalian cells with long dsRNA 
molecules of more than 30 nucleotides was found to induce a signifi-
cant host antiviral interferon response that produced a general silencing 
of untargeted genes and often cell death. This hurdle has recently been 
overcome by chemically synthesizing 21-nucleotide siRNA molecules 
and using these to induce efficient, targeted gene silencing in mam-
malian cells without inducing an interferon response.11 These siRNAs 
can be used in subnanomolar concentrations to achieve greater than 
90% reduction in mRNA levels, a highly potent gene-silencing effect.10 
Recent animal experiments involving siRNAs have indicated that 
immune system activation is relatively uncommon, bolstering the safety 
profile of these novel therapies.

Unfortunately, a persisting problem associated with RNAi tech-
niques are “off-target” effects. This refers to unintended siRNA- 
mediated silencing of genes that have similar nucleic acid sequences. 
Even small amounts of sequence homology, as few as seven base pairs, 
are enough to produce off-target effects. Several computer algorithms 
have been designed to aid in the selection of siRNAs with minimal 
off-target effects. It is unclear what effect, if any, off-target effects will 
have in human trials. In fact, early human trials of RNAi therapies for 
the treatment of macular degeneration and neurodegenerative diseases 
have not revealed any significant side effects.12

the baseline expression level of a gene or, contrastingly, suppressing the 
expression of genes that may contribute to the pathologic process. As 
the field of gene therapy continues its rapid advancement, it is likely 
that gene therapy will eventually become a standard clinical regimen 
available to both internists and surgeons.

Replacing Defective Genes
During the advent of gene therapy, the initial clinical targets were rare 
inherited diseases such as adenosine deaminase deficiency, which results 
in a deadly systemic immune deficiency, enzymatic deficiencies result-
ing in cystic fibrosis and liver disease, or coagulation pathway deficien-
cies resulting in various types of hemophilia. Gene therapy could be 
used to introduce a normal gene into the body to compensate for the 
low or absent function of the patient’s mutant gene. For example, a 
proportion of children born with severe combined immunodeficiency 
(SCID) have a deficiency in adenosine deaminase (ADA) due to a 
mutation in the gene encoding this enzyme. Several clinical trials have 
introduced a functioning ADA gene into the bone marrow of SCID 
children using a viral vector, effectively reconstituting the patient’s 
immune system.1 Clinical trials assessing the potential for the treatment 
of hemophilia B through the transfer of a functioning factor IX gene, 
and cystic fibrosis via introduction of an intact cystic fibrosis transmem-
brane conductance regulator (CFTR) gene have also been completed.2,3 
These studies strongly suggest future applicability for gene therapy in 
the treatment of inherited diseases.

Enhancing Gene Expression
In the past decade, it has become clear that gene therapy may have its 
most immediate and effective role in treating more common acquired 
diseases, including various cancers, arthritis, and atherosclerosis.4,5 In 
order to tackle these conditions, new approaches have been adopted 
that focus on increasing the expression of beneficial genes beyond 
normal levels. For example, in a clinical trial for the treatment of 
melanoma, tumor-infiltrating lymphocytes (TILs) were purified from 
a tumor at the time of surgical resection.6 The TIL cells were then 
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Permanent gene therapy, however, may not be necessary or optimal in 
a clinical setting. As a general principle, permanent gene therapy could 
prove more desirable when the methods required for introducing the 
genetic material into the patient involve significant surgical procedures 
or substantial risk to the patients such as in the case of organ resection, 
cellular transplantation, or stereotactic injection under anesthesia. To 
achieve permanent gene therapy, the expression of the target gene 
should be either enhanced or blocked indefinitely. The gene must also 
demonstrate appropriate regulation in response to both normal and 
pathologic situations, and there should be no detrimental consequences 
of this gene expression in later life. In considering diseases such as 
growth hormone deficiency or juvenile diabetes, correction by perma-
nent gene transfer would require precise regulation of the gene products 
to ensure both short-term efficacy and long-term safety. This tight 
control and regulation of transferred genetic material is not feasible 
with present techniques.

For many diseases such as cancer, cystic fibrosis, arthritis, and 
disorders requiring surgery, “temporary” gene regulation in a patient’s 
tumor, residual tumor, or other target cells could produce a selected 
beneficial therapy over a limited period of time. For example, the treat-
ment of a tumor or area of residual tumor after surgery may only require 

Somatic versus Germ Cell Gene Therapy
Gene therapy has two possible target cell types. The first and presently 
used targets are the somatic cells, or those cells that constitute the 
organs and postnatal tissues of the body. The second potential target 
is the germ cells, or those cells that produce the sperm or ovum and 
are passed on to a person’s offspring. Many different organs and cell 
types are targets for somatic gene therapy, including bone marrow, 
liver, tumor cells, muscle, skin, endothelium, thyroid, and others (Fig. 
2-4). Genetic manipulation and therapy at these sites does not alter the 
inherited genetic material and raises few novel ethical or social issues.15 
Genetic manipulation of the sperm or ovum, however, could prevent 
inherited diseases by altering the genetic constitution of offspring. 
Although this is an appealing idea on the surface, there are serious 
technical and safety issues as well as profound ethical concerns involved. 
Currently, gene therapy is restricted to somatic cells, and genetic 
manipulation of human germ cells would be prohibited under existing 
recombinant DNA guidelines.16

Permanent versus Temporary Gene Therapy
A common perception is that the goal of gene therapy is to “perma-
nently” modify the expression of the therapeutic gene in the patient. 

CYTOPLASM

NUCLEUS

The “guide strand” siRNA
directs RISC to mRNA molecules
with a complementary sequence

siRNA is incorporated into RISC
thereby activating the complex

Activated RISC unwinds
the siRNA duplex and
retains the antisense
“guide strand”

Synthetic siRNA can be
injected directly into cells
bypassing the need for
Dicer processing

RISC cleaves the target mRNA which is
subsequently degraded. Translation of
mRNA cannot occur and no protein
is assembled.

Viral vectors containing DNA/RNA that encodes
shRNA can be used to infect cells for prolonged
gene silencing

DNA encoding
the target gene
is transcribed
to mRNA

Exogenous DNA
is processed into
shRNA

Target mRNA is translocated
to the cytoplasm for translation
to protein

Processing of shRNA by Dicer
to produce duplexes of siRNA

Processing of long dsRNA by Dicer
to produce duplexes of siRNA

Plasmids encoding shRNA can
be used to transfect cells for
longer term RNA interference

RISC

Dicer

shRNA

siRNA duplex

dsRNA

Target mRNA

Figure 2-3. Mechanisms of RNA interference. The effector molecule for RNA interference is short-interfering RNA (siRNA). These can be derived 
endogenously from the production of long double-stranded RNA (dsRNA), which is then processed by Dicer to yield siRNA (gray arrow). Alternatively, 
synthetic siRNA can be introduced into the cell by direct injection bypassing the need for Dicer (broken arrows). Alternatively, plasmid or viral 
vectors encoding short-hairpin RNA (shRNA) can be introduced into the cell (broken arrows). The shRNA is then processed by Dicer to yield siRNA 
(gray arrows). Regardless of the route of production, the siRNA activates RISC, which then “homes in” on the mRNA sequence, which is comple-
mentary to that of the antisense siRNA “guide strand” (black arrows). The mRNA is then cleaved and no gene product is produced, effectively 
“silencing” the gene.



E

Chapter 2  n  Fundamentals of Molecular Biology and Gene Therapy    15

Direct Injection of Genetic Material

DNA-Mediated Transfer of Therapeutic Genes
The process of DNA-mediated gene transfer is called transfection, and 
the vehicle through which genetic material is transferred into a cell is 
called a vector. Functional DNA vectors are circular molecules of DNA 
called plasmids that contain various additional genetic elements required 
to achieve expression of the gene product at therapeutic levels (Fig. 
2-5). Included in these are the special elements (promoter and enhancer) 
that direct gene expression and elements that determine the processing 
and persistence of genetic material within the cell. Plasmid vectors can 
be used to effectively deliver therapeutic genes to target cells. Plasmids 
have also been used to prolong the transient, 3- to 7-day gene-silencing 
effect associated with the transfection of naked siRNAs.

The delivery of DNA vectors into cells is possible via a variety  
of techniques. One classic method is to simply microinject plasmids 
directly into the cell nucleus.17 This technique is both time-consuming 
and inefficient for achieving large numbers of transfected cells. Although 
this method is common in the laboratory with in vitro studies, its 
technical limitations prohibit effective application to living animal 
models or human subjects. A more efficient process, which also is 
limited to in vitro application, is the process of electroporation, in 
which cultured cells are exposed to DNA in the presence of a strong 
electrical pulse.18 The electrical pulse creates pores in the cell mem-
brane, which allows electrophoresis of plasmid DNA into the cell.

It is possible to effectively introduce genes into muscle19 or 
thyroid20 simply by injecting DNA into these tissues in vivo, where the 
process of endocytosis enables cellular uptake. Gene transfer into other 
organs requires special methods to enhance the uptake of DNA into 
the specific target cells. A common alternative method is the use of 
cationic lipids, which encase DNA vectors and fuse with the target cell 
membrane21 to enhance intracellular gene uptake. This process has been 
termed lipofection. Another method is to couple the DNA vector to 
proteins that bind to specific receptors on the target cell leading to 
uptake of the DNA by receptor-mediated endocytosis.22,23 A novel 
approach to DNA vector delivery involves the use of the “gene gun,” 
which uses electrical currents to project microscopic gold beads coated 
with plasmid DNA into target tissues and organs.24

a one-time, limited expression of a gene that either produces a substance 
directly toxic to the cancer cell or a cytokine or other factor that can 
initiate an antitumor immune response. Instead of permanent gene 
therapy, repeat gene transfer over a period of time could also prove 
effective, as in the case of radiation therapy or possible chemotherapy 
regimens. With respect to surgical procedures, the use of gene therapy 
to enhance wound healing or tissue regeneration after an injury might 
only require gene expression for a period of days or weeks. Another 
new frontier on the near horizon is minimally invasive or noninvasive 
routes for gene delivery, such as intramuscular, intravenous, oral, or 
even aerosol administration. This novel future application could allow 
the establishment of steady-state gene product levels, which parallels 
present medical regimens and enables the physician to adjust the dose 
and schedule of administration to the patient’s needs.

Methods of Delivering Gene Therapy
A major focus in the field of gene therapy is the development of vehi-
cles for introducing genetic material into selected target cells. Two 
general gene therapy delivery methods can be distinguished: (1) direct 
administration of genetic material, which involves the injection of 
DNA or RNA into cells in order to modify gene expression, and (2) 
viral-mediated gene transfer, which involves packaging a therapeutic 
gene into a defective virus particle and using the natural process of viral 
infection to introduce the genetic material. The purpose of viral-medi-
ated gene transfer is to exploit the efficient and often complex mecha-
nisms that viruses have evolved to introduce their viral genes into 
human cells during infections.

The gene that is delivered to a target cell is not itself therapeutic. 
Rather, it is the product encoded by the gene, which is responsible for 
the resulting therapeutic effect. The gene product is typically a protein, 
which has a specific function such as a hormone or cytokine, but could 
also be a bioactive RNA molecule such as a gene-silencing siRNA that 
alters the regulation of pathologic processes. Thus, although gene 
therapy commonly focuses on methods for delivering genes to cells, it 
is the ability to achieve expression of the gene product at therapeutic 
levels that ultimately determines the effectiveness and efficacy of 
therapy.
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a plasmid to encode a short-hairpin RNA (shRNA). A shRNA molecule 
consists of a special double-stranded RNA molecule that includes a 
sharp hairpin turn and is processed in the cell to yield a 21-nucleotide 
RNA construct capable of gene silencing. Use of DNA plasmid vectors 
can prolong in vivo mammalian gene silencing for up to several weeks.12 
They are, however, limited by their inability to transfect nondividing 
cells.11 This limitation can be overcome, however, through the use of 
viral vectors to deliver siRNA, which is discussed in the next section.

Viral-Mediated Gene Transfer
The majority of research to date has focused on developing methods 
for using viruses as vectors. Viral-mediated gene transfer involves the 
construction of synthetic virus particles that lack pathogenic functions, 
are incapable of replication, contain a therapeutic gene within the viral 
genome, and can deliver this gene to cells by the process of infection. 
Certain viruses have the property of permanently integrating their genes 
into the chromosomes of the infected cell; therefore select forms of 
viral-mediated gene transfer can lead to permanent gene therapy. Fur-
thermore, viral-mediated gene transfer has significant advantages over 
plasmid-based delivery of siRNA to target tissues, in that constructs 
encoding siRNA can be introduced to both dividing and nondividing 
cells including neurons, blood, and bone marrow. By altering the type 
of viral vector used, siRNA expression can be designed to be transient 
in, for example, cancer therapy or permanent in the case of genetic 
diseases.

Retroviruses
The original prototypes for viral-mediated gene transfer are retroviral 
vectors derived from the Moloney murine leukemia virus.30,31 Retrovi-
ral vectors were chosen as vehicles because of several useful properties. 
First, “defective” virus particles can be constructed that contain thera-
peutic genes and are capable of infecting cells, but which contain no 
viral genes and express no pathogenic viral gene products. A general 
scheme for constructing a defective retroviral particle is illustrated in 
Figure 2-6. Second, retroviral vectors are capable of permanently inte-
grating the therapeutic genes they carry into the chromosomes of the 
target cell. Because of this property, retroviral vectors are well suited 
for treating diseases that require permanent gene expression. Third, 
modifications can be made in retroviral vectors and in the cell lines 
producing vectors that result in enhanced safety features.

A major limitation for this strategy is that retroviruses will only 
integrate into actively dividing cells and the efficiency of retroviral 
infection is relatively low. It is therefore difficult to generate the large 
numbers of transduced cells that are required for effective gene expres-
sion. This shortcoming has been addressed to some extent with the 
development of lentiviral vectors, which are related to retroviruses but 
are capable of inserting into the genome of nondividing cells. Perhaps 
the most serious problem, however, has been the difficulty in achieving 
stable, regulated gene expression from retroviral vectors in cells despite 
the permanent genomic integration. Cells are apparently able to shut 
off expression from retroviral vectors under certain conditions that have 
not been clearly defined.

Previous experience in animal models32,33 and initial experiences 
in clinical trials suggest that these vectors are, generally, safe. However, 
there have been serious complications in clinical trials using retroviral 
vectors to treat X-linked severe combined immunodeficiency. Although 
gene therapy reconstituted the immune system and produced excellent 
clinical outcomes in most children, several cases of T-cell leukemia were 
reported 2.5 to 5 years after therapy.34 This has been directly attributed 
to the insertional oncogenesis that can occur when the retroviral vector 
permanently inserts into the host genome and activates nearby cellular 
proto-oncogenes. The powerful promoters used to drive expression of 
the therapeutic gene may also activate nearby genes.35 Consequently, 
newer generation retroviral vectors are in development that use weaker 
promoters to minimize trans-activation of genes. Special “insulator” 
sequences can also be used to block the transcriptional elements of the 
vector from interacting with cellular genes. Another option is to include 
“suicide” genes in the vector that will initiate cell death in overprolif-
erating cells.36 These methods have shown early promise but have yet 
to be used in a clinical trial.

An important point to understand is that DNA-mediated gene 
transfer typically results in only transient residence of the therapeutic 
genes in the targeted cell. DNA vectors, which are introduced into cells, 
are degraded and eliminated from the cell over time. Different cell types 
eliminate the introduced genetic material at different rates. In muscle, 
for example, DNA vectors may persist in cells for many months and 
continue to express gene products.19 In contrast, DNA vectors injected 
into the thyroid have a shorter half-life and the gene product is elimi-
nated after 2 days.20 Vectors introduced into the liver are eliminated 
with a half-life of approximately 1 to 2 hours and expression is sig-
nificantly reduced after 6 to 24 hours.25

Although permanent incorporation of genes into cells occurs 
rarely after DNA-mediated gene transfer in cultured cells (less than 
1 : 105 cells), this phenomenon has not been observed in vivo. DNA 
vectors are therefore considered “safe” because they do not incorporate 
into the recipient cell’s chromosome in vivo and thus should not induce 
the theoretical risks associated with altering the cell’s genome. More-
over, they have not demonstrated significant toxicity to recipient tissues 
and have not induced any systemic immune response. DNA vectors 
can thus be delivered repeatedly, which overcomes the potential limita-
tion of transient therapeutic gene expression. The transient nature of 
gene expression does have an advantage in certain clinical scenarios 
because the therapeutic gene can be administered by conventional oral, 
intramuscular, or intravenous routes to provide its beneficial effect over 
a predictable and extended period. In contrast to conventional medica-
tions with short half-lives, DNA-mediated gene therapy could lead to 
prolonged expression of a gene product at continuous levels, eliminat-
ing the need for continuous infusions or enhancing compliance by 
minimizing the frequency of injections.

Direct Delivery of RNA for Gene Silencing
RNA can also be introduced into cells, opening the door to potential 
therapeutic implementation of gene silencing. Intravenous administra-
tion of siRNA targeting the VEGF gene, for example, has been shown 
to significantly reduce tumor volume and intratumoral VEGF levels.26 
Unfortunately, the gene-silencing effect of synthetic siRNAs lasts only 
minutes to a few days before they are degraded. Chemical modification 
of the RNA can improve stability. The plasma half-life of an unmodi-
fied siRNA in a mouse model was 0.03 hour, the half-life of a chemi-
cally modified siRNA was 0.8 hour, and the half-life of a lipid-conjugated, 
modified duplex was 6.5 hours.27

Despite the improved stability of modified siRNA, plasma clear-
ance is still rapid and any potential therapeutic benefit will require using 
chemically modified RNA in combination with some kind of delivery 
system.10 Liposomes have been successfully used to deliver siRNA in 
vivo, and significantly improve both the duration and level of gene 
suppression compared to nonvector delivery methods. More recently, 
nanotechnology has been used to design compounds consisting of a 
cationic polymer that binds the RNA cargo, a neutral “stealth” coating 
to hide the particle from immune surveillance and a targeting ligand. 
This type of nanoparticle has been used to selectively target neuroblas-
toma tumors in nude mice with anti-VEGF receptor siRNA, resulting 
in a dramatic antitumor effect.28 Electroporation and “gene gun” tech-
niques have also been used to effectively deliver siRNA in vivo.10

The most common method used to date for the delivery of  
siRNA is termed hydrodynamic delivery. This approach involves inject-
ing a large volume of an RNA-containing solution as a rapid intra-
venous bolus. The hydrostatic pressure generated transiently disrupts 
the vascular endothelium and achieves siRNA delivery to tissues. To 
date, hydrodynamic delivery has been successfully used to deliver 
siRNA to skeletal muscle in rats, dogs, and rhesus macaques.29 Local-
ized delivery can be achieved by application of a tourniquet to isolate 
a limb before intravenous injection. The potential for this approach in 
humans is under investigation and will likely transition to clinical trials 
soon.10

The need for sustained gene silencing has led to the development 
of novel DNA plasmid expression vectors that direct the synthesis of 
short RNA over a prolonged period (see Fig. 2-3). The encoded short 
RNA sequence is transcribed and processed into the effector gene-
silencing RNA molecule. One method involves genetically engineering 
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a first-generation recombinant adenoviral vector that induced a severe 
systemic inflammatory response that resulted in the death of one 
patient with partial ornithine transcarbamylase deficiency.41 The sig-
nificant limitations imposed by the risk of a severe inflammatory 
response, as well as the transient gene expression induced by first-
generation adenoviral vectors, have been addressed to some extent with 
further manipulation of the adenovirus genetic backbone. These newer 
second-generation adenoviruses have E1a, E2a, E3, and E4 region dele-
tions, leaving very few intact viral genes, thereby greatly reducing 
inflammatory responses. These newer vectors can also remain in the 
target cell for months.4,42 The latest generation adenoviral vectors are 
termed “gutless” and contain no viral genes at all, lowering immuno-
genicity even further.

The most recent efforts have focused on engineering adenoviral 
particles to specifically target cell receptors that are highly expressed on 
the surface of target tissues. This would reduce the risk of a host immune 
response by increasing the efficiency of gene transfer and reducing the 
required dose of adenovirus. Multiple studies have demonstrated that 
this can enhance delivery of therapeutic genes to target cells such as 
tumors.43-46 Clinical data are pending and will need to be evaluated in 
order to determine whether targeted adenoviruses can potentially cir-
cumvent the adverse effects associated with untargeted vectors.

Adenoviruses
A recent focus of gene therapy has been the development of adenovirus 
vectors as powerful and effective vehicles for gene transfer.37 An over-
view for the construction of a replication-defective adenoviral vector is 
shown in Figure 2-7. Adenoviral vectors differ from retroviral vectors 
in that they remain episomal; that is, they do not integrate their genes 
into the target cell’s chromosome. Compared with retroviral vectors, 
adenoviral vectors demonstrate the significant advantage of infecting a 
wide variety of both dividing and nondividing cells in vitro and in vivo 
with a high level of efficiency.38-40 Using adenoviral gene transfer, 
expression of the therapeutic gene is possible for a period of several 
weeks to months. More recently, adenoviral vectors have been designed 
to encode and transiently express shRNA, which may be particularly 
useful in therapeutic strategies against cancers where long-term RNAi 
is not necessarily desirable.12

First-generation adenoviral vectors contained a deletion of por-
tions of their E1a and E3 regions with the former acting as a “master 
switch” regulating the expression of other viral genes that are critical 
for viral replication. Consequently, all first-generation adenoviral 
vectors are replication-deficient. However, despite these modifications, 
several of the remaining viral genes are still expressed, markedly increas-
ing immunogenicity.4 This was highlighted during a clinical trial using 
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in which DNA or viral vectors (predominantly adenoviral vectors to 
date) are administered directly to patients.

Ex Vivo Gene Therapy
The initial clinical trials of gene transfer and gene therapy used the ex 
vivo strategy to deliver genes to lymphocytes, hepatocytes, tumor cells, 
fibroblasts, or bone marrow stem cells.50,51 The intent of ex vivo gene 
therapy is to create a population of cells within the body, which per-
manently express a therapeutic function. Thus ex vivo strategies for 
gene therapy commonly make use of retroviral vectors because they 
integrate into the target cells and theoretically result in permanent 
therapeutic gene expression.

The initial attraction of ex vivo gene therapy stemmed from the 
concept that gene transfer could be performed in the laboratory under 
controlled conditions without exposing the patient directly to a viral 
or DNA vector. Ex vivo strategies, however, require methods for cel-
lular transplantation to return the genetically manipulated cells back 
into the patient. Whereas bone marrow transplantation, lymphocyte 
transfusion, and skin grafting are accepted clinical procedures, there is 
little precedent for the transplantation of cells into solid organs. At 
present, this approach continues to be a difficult field of surgical 
research. Methods have been described for transplanting hepatocytes,52 
thyroid follicular cells,53 myoblasts,54 or fibroblasts,55 although the 
effectiveness of these methods has not yet been established in clinical 
practice. In the above models, the number of cells that can be trans-
planted into the body may limit the amount of the therapeutic gene 
product that can be expressed by ex vivo methods.52

In Vivo Gene Therapy
A major recent focus in gene therapy is the application of in vivo 
strategies for gene therapy in which genes are administered directly to 
patients using viral or DNA vectors. Investigations in animal models 
with retroviral vectors have demonstrated that it is possible to infect 
dividing cells in the liver, endothelium, lung, or tumors in vivo.50,51 
Studies using adenoviral vectors have demonstrated infection of both 

Overall, there has been considerable experience with the use of 
adenovirus vectors in both animal models and over the course of 
approximately 200 human clinical trials in the United States alone. 
This research suggests that there is a high margin of safety associated 
with the use of these vectors.38-40,47

Adeno-associated Virus
Recent work has focused on the utility of adeno-associated virus (AAV) 
in gene therapy. AAV, like retrovirus, permanently integrates into the 
chromosomes of the target cell but, unlike retrovirus, can stably infect 
nondividing cells for prolonged periods.48 Furthermore, AAV vectors 
integrate in a predictable location within the infected cell and may be 
safer than retroviral vectors because they do not induce insertional 
mutagenesis or an innate immune response. Early human trials have 
used AAV vectors encoding factor IX to boost the levels of the coagu-
lation factor in patients with hemophilia B.3 These early AAV serotype 
2 vectors have the main limitation of only being capable of infecting 
certain cell types. Newer generation AAV serotype 1 vectors are more 
than 1000-fold more efficient at infecting a range of cell types.49 
Ligands to cell surface receptors can also be integrated into the capsid 
of AAV to produce targeted vectors.4 A disadvantage of AAV is that a 
wild-type “helper virus” is required to help produce the therapeutic 
recombinant vector. The “safe” recombinant vector must then be puri-
fied from the potentially cytotoxic helper virus before amplification. 
Further investigation is required to define the role and safety of AAV 
in clinical application. A summary of viral vector characteristics and 
gene transfer principles is shown in Table 2-1 and Figures 2-7 and 2-8.

Strategies for Administering Gene Therapy
Two general strategies exist for administering gene therapy (Fig. 2-9). 
The first and earliest conceived strategy is ex vivo gene therapy, in 
which tissue from a patient is removed by a surgical biopsy, cells are 
isolated and grown in culture, genes are inserted into these cells (typi-
cally using retroviral vectors), and the cells are then reimplanted in the 
body by autologous transplantation. The second is in vivo gene therapy, 

Table 2-1

Viral Vectors Currently Used for Gene Therapy

Adenovirus Retrovirus Lentivirus Adeno-associated Virus Herpesvirus

Infectivity Broad, high 
efficiency

Dividing cells only, 
high efficiency

Broad Nondividing cells, 
minimal innate 
immunity

Nondividing, high 
efficiency

Integration Episomal Nonspecific 
chromosomal

Nonspecific 
chromosomal

Specific chromosomal Episomal

Viral titer High Low Low Low Low

Max. insert size Intermediate 
(∼8 kb)

Intermediate 
(∼10 kb)

Intermediate (∼10 kb) Small (∼5 kb) Large (∼36 kb)

Risks Innate immune 
response

Insertional 
mutagenesis with 
secondary 
malignancy

Insertional mutagenesis 
with secondary 
malignancy

Wild-type virus 
contamination, adaptive 
immune response

Potential innate 
and adaptive 
immune response

Viral production Helper-free Helper-free Helper-free Helper virus Helper virus and 
helper-free vector

No. of U.S. clinical 
trials

194 >600 6 32 13

Examples of disease 
applications

CF, colon cancer, 
ovarian cancer, 
mesothelioma

ADA-SCID, X-linked 
SCID, CGD, familial 
hyperlipidemia

HIV, 
Mucopolysaccharidosis, 
AIDS lymphoma

CF, hemophilia B, 
Canavan disease, AAT 
deficiency

Brain tumors, 
colon cancer
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with single treatments for certain tumors,39,40 administered intermit-
tently in response to acute disease or given long-term to establish 
steady-state levels of the therapeutic gene product. The in vivo strategy 
correlates with conventional regimens of medical therapy; however, the 
gene therapy could provide prolonged or improved effects. Further-
more, the in vivo strategy facilitates the combination of conventional 
medical treatments or surgical procedures with gene therapy to poten-
tially provide synergistic effects. It is the development of in vivo and 
relatively noninvasive methods for gene delivery that may allow the 
widespread application of gene therapy to the routine problems of 
medicine and surgery.

Therapeutic Levels of Gene Expression
Effective gene therapy requires not only the delivery of genes to the 
appropriate target cell within the body but the expression of the thera-
peutic gene product at appropriate levels. It is the ability to achieve 
adequate gene expression that will determine the efficacy and therapeu-
tic index of gene therapy. There are several ways to achieve appropriate 
expression of a therapeutic gene product.

Specific genetic elements called promoters and enhancers that nor-
mally control the rate of therapeutic product expression can be incor-
porated into the gene transfer vehicles. These elements can also control 
the level of gene expression, restrict it to specific cell types, and provide 
regulated gene expression in response to endocrine or pharmacologic 
factors. For example, gene therapy for diabetes will certainly require the 
incorporation of genetic elements that provide normal regulation of 
insulin levels by glucose.

Promoter and enhancer elements derived from different genes can 
be combined to provide an improved effect. In this way, vectors can 
be designed to produce gene products at high levels from a cell that 
normally produces only low levels or to constitute expression of a gene 
product from a cell that does not normally produce that particular gene 
product. For example, clotting factors or peptide hormones can be 
expressed from muscle cells after gene transfer using vehicles that incor-
porate the promoter and enhancer elements from muscle-specific genes 
such as skeletal actin or myosin. In considering cancer gene therapy, 
highly efficient viral promoters can be mixed and matched with a 
variety of gene-delivery vehicles that will result in high levels of expres-
sion of therapeutic antitumor genes directly from the targeted cancer 
cells.

dividing and nondividing cells in the pulmonary epithelium,56 liver,57 
muscle,58 a variety of tumors,39,40 and other tissues in vivo. Other 
studies have demonstrated the feasibility of delivering DNA vectors to 
organs including muscle,19 thyroid,20 liver,23 and joints59 in vivo.

Whereas the goal of ex vivo gene therapy is to permanently intro-
duce a recombinant gene into a patient’s cells, the primary goal of in 
vivo strategies can vary depending on the tissue and disease for which 
the treatment has been designed. In vivo gene therapy can be performed 
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Figure 2-8. Transfer of genes can be achieved through several different delivery mechanisms. Gene transfer was originally described in muscle 
using naked DNA injected directly into muscle (1). This generally is considered a low-efficiency method of gene transfer but may be very useful 
for the development of DNA vaccination strategies. Packaging into viral vectors (2) allows for the most efficient gene transfer but is associated 
with safety concerns. Nonviral vector technology (3) involves coated or condensing the gene construct to allow easy passage into the cell. It is 
less efficient than viral vector–mediated gene transfer but is considered safer. The final common pathway for all gene delivery is production of a 
protein resulting in a change in cell phenotype. Alternate gene therapy strategies being developed use inhibitory RNA to decrease the expression 
of certain genes.
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Figure 2-9. Strategies for ex vivo and in vivo gene therapy. In vivo 
strategies for gene therapy involve the direct administration of DNA or 
viral vectors to the patient by conventional routes of injection (red 
arrow). Ex vivo strategies involve removing tissue from the patient, 
growing cells in culture, introducing genes into these cells in the labo-
ratory, and then returning the genetically modified cells to the patient 
by autologous transplantation (blue arrows). (Reprinted from O’Malley BW 

Jr, Ledley FD. Somatic gene therapy. Methods for the present and future. Arch 
Otolaryngol Head Neck Surg. 1993;119:1100. Copyright 1993, American Medical 

Association. Used with permission.)
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Preventive Medicine and a Reduction in Health Care Costs
As molecular and genetic research continues to identify factors that 
predispose individuals to diseases such as atherosclerosis, cancer, diabe-
tes, infections, or degenerative disorders, the application of gene therapy 
may allow a physician to alter the expression of these factors in a pre-
ventive manner. Of particular importance is the ability to deliver 
therapy over a long period in clinically asymptomatic or minimally 
symptomatic patients who have inherited or acquired progressive dis-
eases—a combination of circumstances that is traditionally associated 
with poor compliance. For example, treating a diabetic patient with 
gene therapy early in the stages of the disease may prevent morbidity 
later in life that occurs even with conventional exogenous insulin 
therapy. Also, combining the advances in molecular diagnostics of 
cancer may allow replacement of lost or defective critical tumor- 
suppressor genes in normal or premalignant tissues, thereby preventing 
the progression of the defective tissue into cancer.

Because gene therapy can establish continuous release of a thera-
peutic product with one-time treatment or infrequent dosing, its use 
for prevention is more practical and affordable than conventional ther-
apies. The practice of preventive gene therapy to diminish morbidity 
and early mortality and the use of more affordable treatment regimens 
will ultimately reduce the rapidly growing cost of health care.

Applications of Somatic Gene Therapy  
in Otolaryngology
Gene therapy is relatively new to the field of otolaryngology–head and 
neck surgery. Its applications are broad and important, and advances 
in overlapping medical and surgical fields can be applied to the diseases 
and clinical scenarios common to otolaryngologists.

Inherited Disease
A variety of inherited diseases are associated with head and neck pathol-
ogy such as sinus disease in cystic fibrosis; hearing loss in Usher’s, 
Alport’s, or Pendred’s syndrome; and goiter in certain forms of con-
genital hypothyroidism. In some of these diseases it might be possible 
to place a normal gene in appropriate cells to carry out the function of 
the inherited, mutant gene. For example, the first clinical trial of gene 
therapy for cystic fibrosis involved the introduction of a normal CFTR 
gene into the nasal mucosa using adenoviral vectors.60 The intention 
of this study was to assess expression of the CFTR gene in the respira-
tory epithelium and to determine any toxic or inflammatory adverse 
effects. This trial provided a foundation for future studies in which the 
CFTR gene would be replaced throughout the respiratory tract using 
viral or DNA vectors.61

Head and Neck Oncology
Many of the initial clinical trials of somatic gene therapy are focused 
on the treatment of cancer. Gene therapy for head and neck oncology 
patients remains a focal point for this emerging strategy. The original 
head and neck tumor target was melanoma, but squamous cell carci-
noma quickly became the target of choice for human clinical trials. 
Various approaches for treating cancer by gene therapy have been 
proposed (Fig. 2-10) and are applicable to common head and neck 
tumors.

Genetic Modification of Tumor-Infiltrating Lymphocytes
Although the first clinical trial of gene therapy involved only the intro-
duction of marker genes into TIL cells, which infiltrate solid tumors 
such as melanoma, this trial founded the principle, feasibility, and 
safety of gene transfer into human patients. The original interest in TIL 
cells stems from prior studies demonstrating that adoptive transfer of 
TIL cells coupled with the administration of interleukin-2 (IL-2) could 
cause significant tumor regression in some patients with malignant 
melanoma.62 TIL cells, however, are relatively inefficient in destroying 
tumors despite their ability to selectively infiltrate tumor sites.

Gene therapy is therefore an ideal strategy to increase the antitu-
mor potential of TIL cells by providing concurrent expression of stim-
ulatory proteins such as cytokines. One clinical trial for cancer patients 
used autologous cancer cells modified with a gene that produces IL-2, 

Another important regulatory mechanism resides in the natural 
actions of a cell, tissue, or organ. As is the case with conventional 
pharmaceuticals, the basic principles of drug distribution, metabolism, 
and elimination within the cells and tissues of the body will provide 
additional means for regulating the level of the gene product.

Why Gene Therapy?
An important universal question asks what advantages gene therapy  
has over the present accepted medical and surgical treatments that 
would warrant clinical investigation and application in routine  
patient care. In response to this basic question are several reasons  
why gene therapy might become a first-line treatment in clinical  
practice.

New Therapeutic Approach
With the rapid evolution of molecular biology over the past decade, an 
increasing number of basic biologic phenomena and pathologic condi-
tions are now understood in terms of the events that take place on a 
molecular level between genes and their gene products. According to 
both experimental animal models and early human clinical trials, it is 
now possible to alter processes such as immunity, growth, development, 
regeneration, and malignancy on a molecular level using gene transfer. 
Furthermore, the new field of RNA interference provides a potent 
method of completely silencing specific genes. This will become an 
increasingly important area of study as the molecular pathways and the 
genes that govern these pathways are elucidated. Therapeutic gene 
transfer provides a novel approach to diseases that are not satisfactorily 
managed using conventional pharmacologic or surgical intervention. 
As a general example, using gene therapy to reconstitute deficient func-
tions resulting from failing organs or tissues may provide an alternative 
to allogeneic transplantation of bone marrow, solid organs, or indi-
vidual cells.

Site-Specific Gene Expression
Using the techniques and principles of gene transfer, therapeutic prod-
ucts can be released from specific cell types in precise locations within 
the body. This concept of site-specific gene expression provides a valu-
able advantage for gene therapy. Therapeutic proteins such as cytokines 
or growth factors can be expressed in precise locations, rather than 
administering similar products via a systemic route. The highest con-
centration of the therapeutic product will therefore be focused at the 
desired site of action. For example, gene transfer can be used to express 
products specifically in the epidermal or dermal layers of the skin 
without affecting underlying connective tissue, nerves, muscles, or 
vessels. Such spatial specificity will minimize untoward consequences 
or toxicity in organs or other vital structures outside of the site being 
treated.

Improved Efficacy and Safety
Gene therapy establishes the expression of normal, human proteins 
acting in a directed therapeutic fashion within the body. Based on this 
concept, gene therapy may prove to be more efficacious and safer than 
the application of proteins purified from microorganisms, animals, or 
human populations, which carry the attendant risk of transmitting 
pathogens or inciting allergic reactions. Moreover, gene therapy can be 
used to achieve regulated, physiologic expression of gene products, 
which may further improve efficacy. By altering the dose or schedule 
of gene administration to a patient, it will be possible to optimize the 
level, effect, and safety of the gene product.

Improved Routes of Administration and Compliance
Most standard medications have short half-lives and need to be admin-
istered by frequent oral dosing, injections, or even constant infusions 
to achieve an optimal therapeutic effect. Gene therapy, however, pro-
vides continuous endogenous expression of natural protein products 
and requires less frequent administration (of the gene), ranging from 
one time to weekly or monthly treatments, depending on the disease 
target and gene transfer strategy. As is known to all clinicians, decreas-
ing the frequency of administration improves acceptance and compli-
ance with therapeutic regimens.
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In a head and neck cancer animal model, the use of adenoviral-
mediated delivery of the cytokine IL-2 in combination with a cytotoxic 
gene has demonstrated synergistic effects on tumor regression.66 The 
proposed mechanism is the stimulation of a cytotoxic T-cell immune 
response magnified by released tumor antigens and cellular debris 
created by the cytotoxic gene. Recent work has focused on the antitu-
mor cytokine, tumor necrosis factor alpha (TNF-α) which binds to 
cellular receptors to trigger apoptosis. This apoptotic effect is selective 
for cancer cells, leaving normal cells unharmed. Despite this inherent 
selectivity, attempts at systemically administering TNF-α have been 
unsuccessful due to severe hypotension and shocklike symptoms. 
TNFerade is a second-generation adenoviral vector with the TNF-α 
gene inserted downstream of the early growth response 1 promoter, 
which is induced by ionizing radiation. Thus the activation of transgene 
expression can be triggered in target tissues through irradiation. In a 
phase 1 clinical trial, intratumoral injection of TNFerade was shown 
to have a wide therapeutic window and, coupled with radiation, is 
capable of inducing complete regression in a range of advanced solid 
tumors, including melanoma.67

Randomized controlled trials investigating immune modulation 
gene therapy are currently underway and may herald a new approach 
to the treatment of cancer.

Cytotoxic or Suicide Gene Therapy Strategies
Methods have been described for altering the response of tumor cells 
to chemotherapeutic agents. One experimental approach involves 
infecting tumor cells by direct injection with a retrovirus that encodes 
the thymidine kinase gene from herpesvirus.68 Because retroviruses 
infect dividing cells, this virus selectively enters growing tumor cells, 
causing them to express the herpes thymidine kinase gene and making 
them susceptible to chemotherapy with ganciclovir or acyclovir. Because 
these drugs are relatively nontoxic to the immune system, this treatment 
not only eliminates the fraction of cells that are infected with the virus, 
but also allows for a more general immune response against tumor-
specific antigens.

Based on the low efficiency of retrovirus application in animal 
model and human application, highly efficient adenovirus vectors have 
been created, which are capable of transferring the thymidine kinase 
gene directly to tumor cells.40 This system has been effective in animal 
models and received approval from the U.S. Food and Drug Adminis-
tration for a phase I clinical trial in 1996, which was not completed 
because of insufficient funding.

Modifying Oncogenes and Tumor Suppressor Genes
The discovery of oncogenes and tumor suppressor genes that are 
involved in the transformation of normal cells into tumor cells has 
stimulated new approaches for molecular therapy. Oncogenes are nat-
urally present in cells and have proposed functions involving growth 
and differentiation until a mutation or over-expression activates them 
to oncogenic potential. Tumor suppressor genes are also naturally 
occurring, and their expression prevents unrestrained cell proliferation. 
A deletion or mutation that results in loss of tumor suppressor gene 
function will therefore allow uncontrolled cell growth. Mutations in 
the tumor suppressor genes p53 and p16 have been detected in a variety 
of human tumors and a majority of head and neck cancers.69 (Refer to 
Chapter 14 for a discussion of tumor suppressor genes and their relation 
to head and neck cancer.)

Most gene therapy clinical trials for head and neck cancer have 
used adenoviruses to restore normal p53 function. This work is based 
on several studies from the early to mid-1990s illustrating the efficacy 
and safety of the Ad5CMV-p53 vector in vitro and in vivo for the 
treatment of head and neck cancer.70-72 Using nude mouse models, 
Ad5CMV-p53 induced apoptosis and regression of squamous cell car-
cinoma without adverse effects. The consistent efficacy of p53 gene 
transfer in a variety of animal tumor models led to the development of 
the p53-containing adenoviral vector INGN201 (Advexin). This has 
since been followed by the approval of Gendicine, a similar adenoviral-
based p53 gene therapy agent designed and approved for use in China.

The efficacy of Ad5CMV-p53 based therapy in human trials 
remains controversial. Several clinical trials have been conducted to date 

a cytokine that increases the immunogenicity of cancer cells and sup-
presses tumor growth.63 This strategy involved transfer of the gene for 
IL-2 directly into a patient’s tumor, which resulted in the local forma-
tion of tumor-specific cytolytic TIL cells. An excisional biopsy of a 
draining lymph node allowed harvesting of sensitized TIL cells that 
were multiplied in culture and then transfused back into the patient. 
The TIL cells, now sensitized to the specific tumor, could then be 
infused into the patient and would home in on any cancer tissue or 
cells to enact a cytolytic response. This protocol focuses on patients 
with primary or metastatic cancer for which standard therapy has 
proved ineffective.

Direct In Vivo Stimulation of an Antitumor Immune Response
This method of cancer therapy involves introducing genes for various 
cytokines directly into tumor cells to increase the natural immune 
response to tumor-specific antigens. The human body has natural cel-
lular and humoral immune effectors that inhibit or prevent tumor cell 
growth. Examples of such effectors include major histocompatibility 
complex (MHC)–restricted cytotoxic T cells, natural killer cells, and 
lymphokine-activated killer cells. The majority of human malignancies, 
however, arise in immunocompetent individuals, which implies that 
tumor cells escape the body’s natural immune defenses. Tumors are 
also known to lack or demonstrate deficiencies in the expression of class 
I MHC antigens, which prevents recognition and attack by cytotoxic 
T cells.64

In animal models, the transfer of the gene for foreign class I MHC 
histocompatibility leukocyte antigen (HLA)-B7 into colon carcinoma, 
melanoma, and sarcoma cell lines has resulted in cytolytic activity from 
splenic lymphocytes.65 In this immunologic gene therapy strategy, the 
gene for HLA-B7 expression is transferred into a cutaneous melanoma 
lesion of patients who have primary or recurrent tumors or distant 
metastases that have not responded to conventional therapy.65 Expres-
sion of the HLA-B7 antigen on the melanoma cells is expected to lead 
to rejection of the primary tumor and metastases by the immune 
system. B7 gene therapy using nonviral vectors has been approved for 
a multitumor phase I clinical trial that includes head and neck squa-
mous cell carcinoma.

Herpes TK gene transfer
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IL-2

TK
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Figure 2-10. Strategies for gene therapy of cancer. Several different 
strategies have been described for treating cancers by gene therapy. 
These include expression of cytokines such as interleukin-2 within 
tumor cells to enhance the immune response against tumor-specific 
antigens; introduction of a foreign transplantation antigen such as 
HLA-B7 to induce immune rejection; introduction of cytokines into 
tumor-infiltrating lymphocytes (TIL cells) to enhance their cytopathic 
effect; and introducing genes such as herpes TK to make tumor cells 
sensitive to drugs such as acyclovir or ganciclovir. (Reprinted from 

O’Malley BW Jr, Ledley FD. Somatic gene therapy. Methods for the present and 

future. Arch Otolaryngol Head Neck Surg 1993;119:1191. Copyright 1993, 

American Medical Association. Used with permission.)
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translate to a significant clinical benefit when Onyx-015 is used as a 
monotherapy. Indeed, in two phase II clinical trials for recurrent head 
and neck cancer, a response rate of only 14% was reported.85,86 The 
benefit of Onyx-015 may lie in combination therapy with chemo-
therapeutic agents such as cisplatin or 5-fluorouracil where significant 
tumor regression was induced.87,88 Recent work has also explored the 
use of conditionally replicating adenoviruses to deliver shRNAs to 
cancer cells, providing an avenue for the selective silencing of genes 
involved in carcinogenesis coupled with direct lysis of infected cells.89

There are many other evolving strategies for oncolytic viral vector 
therapy, and it is not the purpose of this chapter to discuss the present 
state of this novel therapy in detail. However, it is important to mention 
replication-selective oncolytic viral therapy because it may be thought 
of as a type of gene-dependent suicide therapy.

Antiangiogenesis
An approach with future potential in cancer gene therapy involves 
introducing genes that inhibit angiogenesis in the vicinity of a tumor.90 
A decrease or regression of the tumor’s important vascular supply by 
the action of antiangiogenesis factors has been shown to cause signifi-
cant tumor regression in mouse melanoma models. Continued develop-
ment and investigation of inhibitors of growth and angiogenesis 
coupled with the packaging of these factors into vectors for gene trans-
fer in vivo may provide alternative or adjuvant therapies for both benign 
vascular and malignant tumors of the head and neck.

Plastic and Reconstructive Surgery
Great potential for gene therapy exists in the area of plastic and recon-
structive surgery. The principal concept of gene therapy as applied to 
this field will be the expression of growth-regulating factors to enhance 
repair or regeneration of damaged tissues and to induce local prolifera-
tion to fill surgical defects. By introducing genes into cells within a 
surgical site, local expression of growth factors can be constituted at 
levels that maximize the therapeutic response. The use of gene transfer 
to release growth factors, as opposed to simply injecting suspensions of 
purified factors, will enable regulated expression of the product over a 
programmed period with restriction of the product to specific targeted 
layers of tissue. The combination of this property with the incorpora-
tion of proper regulatory elements could minimize associated toxicities 
or unwanted proliferation of nearby tissues.

Reconstructive Tissue Flaps and Wound Healing
A common problem encountered in the use of local or regional flaps is 
distal flap necrosis with atrophy or even partial loss.91 Timely angio-
genesis and neovascularization is essential for the survival of these 
tissues as well as healing of the surgical wound. This process of angio-
genesis is stimulated by various growth factors such as basic fibroblast 
growth factor (bFGF) and heparin binding growth factor.92 Using gene 
transfer techniques, a gene encoding an angiogenesis factor could be 
introduced into cells within a reconstructed tissue, recipient site, or 
primary wound defect. Subsequent to this gene therapy, an accelerated 
and magnified vascular response resulting from local expression of 
angiogenic factors could promote healing with improved tissue survival. 
The use of gene therapy may prove to be very important in free tissue 
flaps, where failure often occurs because of inadequate venous efflux 
leading to vascular engorgement and tissue destruction.

There are multiple other growth factors that influence the process 
of tissue repair and regeneration. Examples include transforming 
growth factors (e.g., TGFα, TGFa), insulin-like growth factors (e.g., 
IGF-I, IGF-II), platelet-derived growth factors (PDGF), nerve growth 
factors, and others. Indeed, inducing transgene expression of PDGF in 
a rat incisional wound model increased the mechanical strength of 
incisions by 75% to 100% for up to 2 weeks post-transfection. Other 
studies have shown that enhancing expression of epidermal growth 
factor (EGF) in partial thickness wounds increases re-epithelialization 
rates and shortened the time to wound closure. Multiple clinical trials 
are currently underway investigating the use of adenoviral vectors 
expressing PDGF-β for the enhancement of wound healing.93

Different combinations of growth factors can be used to enhance 
regeneration of vascular tissue, muscle, epithelium, and even nerves.94 

in patients with ovarian, lung, bladder, esophageal, and breast cancers. 
Clinical efficacy and safety was demonstrated in several of these studies 
with improved locoregional control of disease.73-76 However, other trials 
have shown no difference in clinical outcome between Ad5CMV-p53 
monotherapy and conventional treatments.77 For example, a recent 
multicenter p53 gene therapy trial for ovarian cancers was halted due 
to lack of clinical benefit.78 In contrast, there is growing evidence from 
phase I and II trials for a significant benefit of adenovirus-mediated p53 
gene therapy in head and neck cancers with improved locoregional 
disease control and a transient survival advantage.79,80 Most recently, 
clinical trials have added gene therapy to conventional treatments in 
the hope of enhancing clinical response. Preliminary results from phase 
II and III trials consisting of 135 patients with advanced head and neck 
squamous cell carcinoma that combined p53 intratumoral gene therapy 
with radiation demonstrated complete tumor regression in 64% of 
patients and partial regression in 32%, with self-limiting fever as the 
only noted adverse effect.81,82

In order to improve the overall efficacy of adenoviral-mediated 
gene therapy in clinical trials, several technical issues will need to be 
overcome. Methods of ensuring transfer of tumor suppressor genes into 
a majority of tumor cells will need to be developed. This may involve 
retargeting viral particles as briefly discussed earlier in this chapter. 
Furthermore, the expression of the suppressor gene is transient, and the 
tumor regression in these studies has not been permanent. The develop-
ment of more advanced viral vectors capable of prolonged gene expres-
sion may help circumvent this obstacle. The therapeutic potential for 
a targeted viral vector with sustained gene expression is considerable, 
but robust clinical data will be needed before gene therapy can transi-
tion from an experimental to a routine treatment.

Conditionally Replicating Adenovirus Therapy
Until recently, all viral vectors used in gene therapy strategies were 
replication-incompetent. Although the use of replication-incompetent 
or “nonpathogenic” viruses was based on safety precautions, the strat-
egy does not take advantage of the powerful ability of viruses. That is, 
viruses have the ability to easily infect target cells, replicate, and release 
viral particles, thereby killing target cells and spreading to surrounding 
target cells to continue this process. Continued research and investiga-
tion in the fields of molecular biology and the genetics of cancer have 
led to a greater understanding of the principles of viral replication and 
the genetics of carcinogenesis. This greater understanding has allowed 
the development of replication-selective oncolytic viruses for use as 
novel anticancer therapies.

Conditionally replicating viruses have been engineered to selec-
tively infect and replicate in targeted tumor cells that have inherent 
genetic defects such as loss of p53 gene expression. Tumor cells that 
lack p53 expression allow select viral replication that kills the host 
tumor cell, and then subsequent spread and infection of surrounding 
tumor cells results in further tumor kill. This modification of classic 
suicide gene therapy into suicide viral therapy may prove to be a key 
advance in overcoming limitations of gene transfer efficiency in the 
presently available replication-incompetent adenoviral vectors.

The first replication-selective viral vector to move from preclinical 
studies to human cancer clinical trials was the Onyx-015 adenovi-
rus.83,84 The key alteration that made this adenovirus replication selec-
tive was the deletion of the gene that codes for the p53-binding protein, 
E1B-55kDa. Typically, the adenovirus achieves replication through a 
process by which the E1B-55kDa protein binds a host cell’s p53. The 
Onyx-015 adenovirus with its deletion of the E1B gene will not express 
the E1B-55kDa p53-binding protein on infection of a target cell. The 
lack of E1B-55kDa expression will inhibit viral replication. However, 
in target cells that lack normal p53 expression, Onyx-015 will maintain 
its ability to replicate, lyse a target cell, and spread to nearby cells. 
Because the majority of cancers have a loss of normal p53 function, 
cancer cells are the ideal target for an E1B-deleted replication-selective 
adenovirus therapy.

The safety of Onyx-15 for human use has been demonstrated over 
the course of 15 phase I or II clinical trials involving 258 patients 
including 99 head and neck cancer cases. Viral replication has been 
shown to be largely isolated to cancer cells, but this does not appear to 
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studied and shown to successfully transfer functional ectopic genes into 
the mammalian auditory system. Adenoviruses have been shown to 
transfer functional marker genes such as β-galactosidase (β gal) and 
green fluorescent protein (GFP), as well as genes that alter the biology 
of the inner ear such as glial-derived neurotrophic factor (GDNF), to 
the auditory system.102-104 Alternate vectors include herpesvirus-derived 
vectors105 that have the advantage of being strongly neurotrophic and 
expressing the transgene for prolonged periods.106 AAV and liposome 
packaged plasmids have also been effectively transferred into the 
cochlea.107,108 The preservation of hearing in animals treated with infu-
sion of adenoviral vectors into the cochlea and vestibule has recently 
been demonstrated.109

To date several studies have been conducted demonstrating the 
feasibility and clinical potential of gene therapy for inner ear disease. 
Adenoviral-mediated delivery of neurotrophin-3, brain derived neuro-
trophic growth factor and cilial neurotrophic factor have all been shown 
to promote spiral ganglion cell survival following drug-induced hearing 
loss in animal models.110-112 Inner ear tissues can also be protected 
through the adenoviral delivery of genes for antioxidant enzymes 
including catalase and superoxide dismutase.113 These findings could 
potentially be used to rescue hearing after the administration of oto-
toxic drugs or to prevent the loss of inner ear hair cells after cochlear 
implantation.114

Gene therapy could have a dramatic benefit in the restoration of 
hearing loss through the transfer of developmental genes into the inner 
ear. Studies have already demonstrated that adenoviral delivery of the 
gene Math1 to the inner ear of guinea pigs results in the production 
and innervation of hair cells.115 Transfer of the developmental gene, 
Atoh1, to the guinea pig inner ear can successfully convert non-sensory 
cells into functional hair cells with a resulting improvement in hearing 
on ABR testing following an ototoxic insult.116 These benchtop studies 
are laying the foundation for the development of novel therapeutics 
that may revolutionize the treatment of hearing loss.

For the long-term application of gene therapy for auditory disease 
to become established, several criteria need to be met. Otologic disease, 
generally, is not associated with mortality; therefore unlike gene therapy 
for cancer, vectors need to have low immunogenicity and cytotoxicity. 
Vectors have to be replication-deficient and nononcogenic, and must 
express their transgene for prolonged periods. Advances in vector design 
will make it possible to apply the rapidly growing knowledge of inner 
ear biology to human disease.

Therapeutic Gene Silencing and the Future of Gene Therapy
The newest frontier in gene therapy involves selectively turning off or 
“silencing” genes to prevent the development or progression of disease. 
The therapeutic potential of RNA interference and gene silencing tech-
niques is evidenced by the tremendous number of studies that have 
been published in the relatively short period of time since the discovery 
of this molecular therapy technique. Consequently, more than 30 phar-
maceutical or biotechnology companies are currently developing 
RNAi-based therapeutics.10

The first condition under evaluation with RNAi technology is 
age-related macular degeneration (AMD). AMD is caused by the 
abnormal growth of blood vessels behind the retina. New drugs consist-
ing of modified siRNA targeting either VEGF or its receptor, VEGFR1, 
have been developed to block retinal angiogenesis. These drugs are 
administered directly into the eye as a single intravitreal injection and 
have been shown to stabilize and even improve visual acuity in a dose-
dependent fashion with minimal toxicity. Phase II clinical trials are 
currently underway using various VEGF-targeting RNA interference 
methods for the treatment of AMD.10

Viral RNAs are also potential targets for gene silencing including 
genes encoding viral entry and replication within cells. Intranasal 
aerosol delivery of a plasmid-borne siRNA is able to potently inhibit 
respiratory syncytial virus (RSV) infection in mice, and this approach 
is currently in phase I clinical trials for human RSV infection.117 Long-
term suppression of HIV replication has been achieved by simultane-
ously targeting three key genes involved in HIV infection using a 
lentiviral vector encoding multiple shRNAs.118 Clinical trials using this 
approach are underway.

IGF-1 is especially important in maintaining muscle mass and differ-
entiation and may even be able to promote reinnervation of damaged 
muscle. Epidermal growth factor, bFGF, and TGFa are potent growth 
stimulators in dermal layers and may prove advantageous in the man-
agement of soft tissue defects caused by trauma or resulting from 
surgery, a particularly difficult problem for the reconstructive surgeon. 
For example, the gene for a therapeutic growth factor could be trans-
ferred into the surgical defect created by a tongue-jaw-neck resection 
for oral squamous cell cancer. The local programmed production of 
healing and growth factors resulting from the direct gene therapy would 
then stimulate the growth of muscle, fascia, blood vessels, or dermal 
structures. This growth response would decrease the size of the defect 
while providing added strength and vascularized tissue to prevent 
wound dehiscence or extrusion or infection of reconstruction plates. 
Because of the ability to increase muscle and connective tissue mass and 
retard atrophy, much smaller flaps could be taken that reduce the 
overall morbidity and cosmetic defect at the donor site.

Skin Grafting
Skin grafts are an attractive target for somatic gene therapy because of 
the proven feasibility of cultivating epidermal cells ex vivo and subse-
quently engrafting these cells successfully in patients. Furthermore, 
previous studies have established the feasibility of effective gene transfer 
into skin grafts in animal models.95 The survival of skin grafts is 
dependent on adequate nutrition and oxygenation of the graft as well 
as removal of waste products. Until the blood supply is established, the 
recipient bed is responsible for the fibrous and plasma exudate through 
which nutrition is supplied and metabolic wastes are transferred.96 Gene 
therapy aimed at increasing vascularization or providing local growth 
factors for the dermal or epidermal layers (depending on the thickness 
of the graft) could promote early graft take and lead to overall improved 
strength. As a protective mechanism, gene transfer of various cytokines, 
complements, or antimicrobial factors may prove effective in prevent-
ing infection. This particular application could prove invaluable in 
burn patients who require extensive skin grafting and in cases in which 
grafting is performed over irradiated tissues, ulcers, or prostheses, where 
survival is typically poor.

Repair and Regeneration of Irradiated Tissue
Morbidity associated with primary or postoperative radiation therapy 
is common in patients with head and neck cancer. Inflammation, 
fibrosis, pain, and even wound breakdown with infection are problems 
encountered in our patients receiving radiation therapy.97 Despite 
efforts to narrow the x-ray field and block surrounding structures, there 
is still substantial damage to superficial and nearby tissues. Growth 
factors such as ECGF98 have been shown to enhance viability and 
vascularity in irradiated soft tissue in animal models. Gene transfer of 
reparative factors such as ECGF may provide spatially precise and 
regulated expression of these factors within the field of radiation and 
may result in reduced toxicity and overall morbidity.

Applications in Laryngology
Treatment outcomes following the surgical repair of the paralyzed 
larynx are significantly compromised by laryngeal muscle atrophy sec-
ondary to denervation. Surgical reinnervation has not consistently 
improved outcomes. Reversal or prevention of laryngeal muscle atrophy 
may be possible using gene therapy techniques. In preclinical animal 
investigations, introduction of human insulin-like growth factor I 
(hIGF-1) into paralyzed rat laryngeal muscles induced a significant 
increase in muscle fiber diameter, while also decreasing motor endplate 
length and increasing the percentage of endplates with nerve contact.99 
In additional studies, hIGF-1 normalized myosin heavy chain compo-
sition in denervated rat laryngeal muscles.100 This novel gene therapy 
with its combined neurotrophic and myotrophic effects holds potential 
for optimizing functional outcomes after either acute laryngeal nerve 
injury or for augmenting surgical reinnervation of the paralyzed larynx.

Applications in Otology/Neurotology
At present, progress with inner ear gene therapy is purely at the exper-
imental stage.101 Within the auditory system, several vectors have been 
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There have been several successful preclinical attempts at using 
RNAi to induce cancer cell death. RNAi has successfully induced tumor 
suppression in murine models of pancreatic, ovarian, bladder, breast, 
liver, melanoma, and cervical cancer.119,120 Furthermore, RNAi has 
proven effective in the prevention of tumor metastasis.119 The targeting 
of cellular oncogenes that are overexpressed in cancer cells is particularly 
amenable to RNAi. For example, siRNA-mediated silencing of the 
tyrosine kinase receptor EphA2 gene, overexpressed in ovarian cancers, 
induces a 50% reduction of tumor size that can be further improved 
to a 90% volume reduction when combined with the conventional 
chemotherapeutic paclitaxel.12 Oncogenes that arise as a result of chro-
mosomal translocations can also be silenced using RNAi. The Bcr-Abl 
oncogene, the key mutation in chronic myeloid leukemia, can be 
silenced using a lentiviral vector expressing anti-Bcr/Abl shRNA. This 
leads to a down-regulation of Bcr-Abl protein kinase expression and a 
subsequent suppression of cancer cell proliferation.121 This gene-silenc-
ing approach was also shown to markedly potentiate the action of the 
kinase-targeted inhibitor drug imatinib.122

Cancer cell resistance to chemotherapy is a major factor underly-
ing treatment failure and disease relapse. The multidrug transporter, 
P-glycoprotein, encoded by the MDR1 gene, is a major system by 
which cancer cells prevent the intracellular accumulation of chemo-
therapy drugs. Gene silencing of MDR1 reversed the resistance of 
pancreatic and gastric cancers to the chemotherapeutic daunorubicin 
by 89% and 58%, respectively.120

The studies outlined above raise the possibility that RNAi can be 
used to treat cancers in which specific oncogenes have been implicated 
and may also be used to sensitize cancers to conventional treatment. 
The translation of RNAi to the clinical realm will require the develop-
ment of efficient and safe delivery systems, but these agents have the 
potential to be the most selective, efficient agents ever designed and 
will likely revolutionize future therapies.

Conclusion
The founding work in molecular biology over the past 40 years has 
enabled clinical application in the realm of gene therapy. Presently, 
there are more than 600 completed or ongoing clinical trials, and this 
pace of progress continues. No longer is gene therapy simply a specula-
tive approach for treating disease in the distant future. While the 
methods of gene therapy are still evolving, current methods are already 
sufficiently advanced so as to be used in trials of gene therapy for select 
diseases and to be incorporated into clinically efficacious pharmaceuti-
cal products. Gene therapy has great potential, not only for the treat-
ment of inherited diseases, but also for providing new treatments for 
complex diseases such as cancer and for the development of novel 
adjuvants to standard medical or surgical interventions. Gene therapy 
technologies should have a significant impact on the quality of medi-
cine, while at the same time providing the additional benefit of cost 
reduction. As the field rapidly advances, increasing opportunities 
should arise for physicians to apply these technologies in clinical trials 
and, eventually, clinical practice.
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and Safety Considerations
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Key Points

• Laser technology has allowed for enhanced surgical treatment for a wide variety of otolaryngology indications including those in 
otology, laryngology, bronchoesophagology, and facial plastic surgery.

• Every surgeon should have basic knowledge of laser physics and laser-tissue interactions to minimize unnecessary tissue injury.
• The choice of surgical laser depends on several factors, including the target tissue, available modes of delivery, and desired tissue 

effects.
• Safe and proper laser use requires an established laser safety protocol at each institution and should include separate 

credentialing for each laser to be used by an individual surgeon.
• Newer lasers to otolaryngology such as the pulsed dye laser and the pulsed KTP laser have enhanced the ability to perform in-office 

unsedated treatment for certain laryngeal diseases.

Laser light is the brightest monochromatic (single color) light that exists 
today. In addition to being a standard tool in the research laboratory, 
the laser is currently used in communications, surveying, manufactur-
ing, diagnostic medicine, and surgery. Supermarket bar code scanners, 
lecture pointers, and compact disc players bring laser technology into 
everyday life. The addition of lasers and the development of new lasers 
to the surgical armamentarium in otolaryngology offer new and excit-
ing possibilities to improve conventional techniques and to expand the 
scope of otolaryngology.

This chapter reviews the principles, applications, and safety con-
siderations associated with the use of lasers in the upper aerodigestive 
tract. The material presented provides a foundation for the otolaryn-
gologist to safely and effectively apply this exciting technology in daily 
practice.

History of Lasers
Laser is a word derived from the acronym for l ight amplification by the 
stimulated emission of radiation. Einstein1 postulated the theoretical 
foundation of laser action, stimulated emission of radiation, in 1917. In 
his classic journal article, “Zur Quantem Theorie der Strahlung” (“The 
Quantum Theory of Radiation”), he discussed the interaction of atoms, 
ions, and molecules with electromagnetic radiation. He specifically 
addressed absorption and spontaneous emission of energy, and pro-
posed a third process of interaction: stimulated emission. Einstein pos-
tulated that the spontaneous emission of electromagnetic radiation from 
an atomic transition has an enhanced rate in the presence of similar 
electromagnetic radiation. This “negative absorption” is the basis of laser 
energy. Many attempts were made in the following years to produce 
stimulated emission of electromagnetic energy, but it was not until 1954 

that this was successfully accomplished. In that year, Gordon and 
others2 reported their experiences with stimulated emission of radiation 
in the microwave range of the electromagnetic spectrum. This repre-
sented the first maser (microwave amplification by the stimulated emis-
sion of radiation) and paved the way for the development of the first 
laser. In 1958, Schawlow and Townes3 published “Infrared and Optical 
Masers,” in which they discussed stimulated emission in the microwave 
range of the spectrum and described the desirability and principles of 
extending stimulated emission techniques to the infrared and optical 
ranges of the spectrum. Maiman4 expanded on these theoretical writings 
and built the first laser in 1960. With synthetic ruby crystals, this laser 
produced electromagnetic radiation at a wavelength of 0.69 µm in the 
visible range of the spectrum. Although the laser energy produced by 
Maiman’s ruby laser lasted less than 1 ms, it paved the way for explosive 
development and widespread application of this technology.

Commercial lasers were being sold for laboratory use within 1 year 
of being invented. Partially reacting to the recently discovered dangers 
of x-rays, scientists were concerned about the safety of lasers and how 
laser light might damage living tissue.

This concern over the safety of laser light prompted much of the 
early transition of the laser from the scientific laboratory to the medical 
clinic. In 1962, Zaret and others5 published one of the first reports of 
laser light interacting with tissue. They measured the damage caused 
by lasers on rabbit retina and iris. In 1964, the argon (Ar) and 
neodymium:yttrium-aluminum-garnet (Nd:YAG) lasers were devel-
oped.6 Excited by the ophthalmologists’ progress in using the laser as 
a therapeutic tool, Goldman used his medical laser laboratory to look 
at the hazards of the laser and to consider the potential uses of the laser 
in medicine. Two important advances allowed the laser to be useful in 
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This excitation causes many atoms of the active medium to be raised 
to a higher energy state. A population inversion occurs when more than 
half of the atoms in the resonating chamber have reached a particular 
excited state. Spontaneous emission is taking place in all directions. 
Light (photons) emitted in the direction of the long axis of the laser is 
retained within the optical cavity by multiple reflections off the pre-
cisely aligned mirrors. One mirror is completely reflective, and the 
other is partially transmissive (Fig. 3-2). Stimulated emission occurs 
when a photon interacts with an excited atom in the optical cavity. 
This yields pairs of identical photons that are of equal wavelength, 
frequency, and energy and are in phase with each other. This process 
occurs at an increasing rate with each passage of the photons through 
the active medium.

The mirrors serve as a positive feedback mechanism for the stim-
ulated emission of radiation by reflecting the photons back and forth. 
The partially transmissive mirror emits some of the radiant energy as 
laser light. The radiation leaving the optical cavity through the partially 
transmissive mirror quickly reaches equilibrium with the pumping 
mechanism’s rate of replenishing the population of high-energy state 
atoms. (In the preceding discussion, the term atom refers to the active 
material. In reality, the active material can consist of molecules, ions, 
atoms, semiconductors, or even free electrons in an accelerator. These 
other systems do not require the bound electron to be excited but may 
instead use different forms of excitation, including molecular vibra-
tional excitation or the kinetic energy of an accelerated electron.)

The radiant energy emitted from the optical cavity is of the same 
wavelength (monochromatic), is extremely intense and unidirectional 
(collimated), and is temporally and spatially coherent. The term tem-
poral coherence refers to the waves of light oscillating in phase over a 
given time; whereas spatial coherence means that the photons are equal 
and parallel across the wavefront. These properties of monochromatic-
ity, intensity, collimation, and coherence distinguish the organized 
radiant energy of a laser light source from the disorganized radiant 
energy of a light bulb or other light source (Fig. 3-3).

After the laser energy exits the optical cavity through the partially 
transmissive mirror, the radiant energy typically passes through a lens 
that focuses the laser beam to a very small diameter, or spot size, ranging 
from 0.1 to 2.0 mm. When necessary, the lens system is constructed to 
allow the visible helium-neon aiming laser beam and the invisible CO2 
or Nd:YAG laser beam to be focused in a coplanar manner. The optical 
properties of each focusing lens determine the focal length or distance 
from the lens to the intended target tissue for focused use.

Control of the Surgical Laser
With most surgical lasers, the physician can control three variables: (1) 
power (measured in watts), (2) spot size (measured in millimeters), and 
(3) exposure time (measured in seconds).

otolaryngology: (1) in 1965, the carbon dioxide (CO2) laser was devel-
oped, and (2) in 1968, Polanyi7 developed the articulated arm to deliver 
the infrared radiation from the CO2 laser to remote targets. He com-
bined his talents with Jako and used the articulated arm and the CO2 
laser in laryngeal surgery. Simpson and Polanyi8 described the series of 
experiments and new instrumentation that made this work possible.

A laser is an electro-optical device that emits organized light 
(rather than the random-pattern light emitted from a light bulb) in a 
very narrow intense beam by a process of optical feedback and ampli-
fication. Because the explanation for this organized light involves stim-
ulated emission, a brief review of quantum physics is necessary.

In the semiclassical picture of the atom, each proton is balanced 
by an electron that orbits the nucleus of the atom in one of several 
discrete shells or orbits. Shells correspond to specific energy levels, 
which are characteristic of each different atom or molecule. The smaller 
shells, where the electron is closer to the nucleus, have a lower energy 
level than the larger shells, where the electron is farther from the 
nucleus. Electrons of a particular atom can only orbit the nucleus at 
these shells or levels. Radiation of energy does not occur while the 
electrons remain in any of these shells.

Electrons can change their orbits, thereby changing the energy 
state of the atom. During excitation, an electron can make the transi-
tion from a low-energy level to a higher energy level. Excitation that 
comes from the electron interacting with light (a photon) is termed 
absorption. The atom always seeks its lowest energy level (i.e., the 
ground state). Therefore, the electron will spontaneously drop from the 
high-energy level back to the lowest energy level in a very short time 
(typically 10−8 sec). As the electron spontaneously drops from the higher 
energy level to the lower energy level, the atom must give up the energy 
difference. The atom emits the extra energy as a photon of light in a 
process termed the spontaneous emission of radiation (Fig. 3-1).

Einstein postulated that an atom in a high-energy level could be 
induced to make the transition to a lower energy state even faster than 
the spontaneous process if it interacted with a photon of the correct 
energy. This process can be imagined as a photon colliding with an 
excited atom, resulting in two identical photons (one incident and one 
produced by the decay) that leave the collision. The two photons have 
the same frequency and energy and travel in the same direction in the 
spatial and temporal phase. This process, which Einstein called stimu-
lated emission of radiation, is the underlying principle of laser physics 
(see Fig. 3-1).

What Is a Laser?
All laser devices have an optical resonating chamber (cavity) with two 
mirrors. The space between these mirrors is filled with an active 
medium, such as Ar, Nd:YAG, or CO2. An external energy source (e.g., 
an electric current) excites the active medium within the optical cavity. 

Absorption Stimulated
emission

Spontaneous
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High
energy

state
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Figure 3-1. The interaction of light (a photon) with an atom. Three processes are shown: the absorption of a photon by an atom in a low-energy 
state, the spontaneous emission of a photon from an atom in an excited state, and the stimulated emission of a photon by a second photon of 
the same wavelength from an excited-state atom.
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Surface area and irradiance vary with the square of the beam 
diameter. Doubling the beam diameter (e.g., from d to 2d) increases 
the surface area by 4 and reduces irradiance to one fourth. Halving the 
beam diameter (e.g., from d to d/2) yields only one fourth of the area 
and increases irradiance by a factor of 4.

Current CO2 lasers emit radiant energy with a characteristic beam 
intensity pattern. This beam pattern ultimately determines the depth 
of tissue injury and vaporization across the focal spot. Therefore the 
surgeon should be aware of the characteristic beam pattern of the laser. 
Transverse electromagnetic mode (TEM) refers to the distribution of 
energy across the focal spot and determines the shape of the laser’s spot. 
The most fundamental mode is TEM00, which appears circular on cross 
section. The power density of the beam follows a gaussian distribution. 
The greatest amount of energy is at the center of the beam and dimin-
ishes progressively toward the periphery. TEM01 and TEM11 are less 
fundamental modes that have a more complex distribution of energy 
across their focal spot, causing predictable variations in tissue vaporiza-
tion depth. Additionally, their beams cannot be focused to as small a 
spot size as TEM00 lasers at the same working distance.9

Although simple ray diagrams normally show parallel light focused 
to a point, the actual situation is a bit more complicated. A lens focuses 
a gaussian beam to a beam waist of a finite size. This beam waist is the 
minimum spot diameter (d) and can be expressed as:

d f D∼ 2 λ

where f is the focal length of the lens, λ is the wavelength of light, and 
D is the diameter of the laser beam incident on the lens (Fig. 3-4).

The beam waist occurs over a range of distances, termed the depth 
of focus, which can be expressed as:

Depth of focus d∼ π λ2 2

Power
Of power, spot size, and exposure time, power is the least useful vari-
able and may be kept constant with widely varying effects, depending 
on the spot size and the duration of exposure. For example, the relation-
ship between power and depth of tissue injury becomes logarithmic 
when the power and exposure time are kept constant and the spot size 
is varied.

Irradiance is a more useful measure of the intensity of the beam 
at the focal spot than power is because it considers the surface area of 
the focal spot. Specifically, irradiance is expressed (in W/cm2) as:

Irradiance Power in the focal spot Area of the focal spot=

Spot Size
Power and spot size are considered together, and a combination is 
selected to produce the appropriate irradiance. If the exposure time is 
kept constant, the relationship between irradiance and depth of injury 
is linear as the spot size is varied. Irradiance is the most important 
operating parameter of a surgical laser at a given wavelength. Therefore 
surgeons should calculate the appropriate irradiance for each procedure 
to be performed. These calculations allow the surgeon to control, in a 
predictable manner, the tissue effects when changing from one focal 
length to another (e.g., from 400 mm for microlaryngeal surgery to 
125 mm for handheld surgery). Irradiance varies directly with power 
and inversely with surface area. This relationship of surface area to beam 
diameter is important when evaluating the power density because the 
larger the surface area, the lower the irradiance; conversely, the smaller the 
surface area, the higher the irradiance. Surface area (A) is expressed as:

A r or A d= =π π2 2 4

where r is the beam radius and d is the beam diameter (d = 2r).

Water in Gas out

Cathode Lens

Coherent light

Partially
transmissive

mirrorWater out

Anode

Gas in

100%
reflective

mirror

Cathode

Figure 3-2. The optical resonating chamber of a carbon dioxide laser. The gas molecules are excited by an electric current. The gas is cooled by 
a water jacket. The two mirrors provide the optical feedback for the amplification. The emitted light is coherent, monochromatic, and collimated. 
The light can be focused to a small point with an external lens.

A B

Figure 3-3. A, Light emitted from a conventional lamp. The light travels in all directions, is composed of many wavelengths, and is not coherent. 
B, Light emitted from a laser. The light travels in the same direction, it is a single wavelength, and all of the waves are in phase. The light is 
coherent.
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2. The surgeon can also vary the spot size by working in or out of 
focus. The minimum beam diameter and highest power concentra-
tion occur at the focal plane, where much of the precise cutting and 
vaporization is carried out (Fig. 3-5A). As the distance from the focal 
plane increases, the laser beam diverges or becomes unfocused (see 
Fig. 3-5B). The cross-sectional area of the spot increases and thus 
lowers the power density for a given output.

The size of the focal spot depends on the focal length of the laser lens 
and whether the surgeon is working in or out of focus.

Figure 3-6 shows these concepts using arbitrary ratios accurate for 
a current model TEM00 CO2 laser. The laser lens setting (focal length) 
and working distance (focused/unfocused) combinations determine the 
size of the focal spot. The height of the various cylinders represents the 
amount of tissue (depth and width) vaporized after a 1-sec exposure at 
the three focal lengths.

Exposure Time
The surgeon can vary the amount of energy delivered to the target tissue 
by varying the exposure time. Fluence refers to the amount of time 
(measured in seconds) that a laser beam irradiates a unit area of tissue 
at a constant irradiance. Fluence is a measure, then, of the total amount 
of laser energy per unit area of exposed target tissue and is expressed 
(J/cm2) as:

Fluence Power density Time= ×

Fluence varies directly with the length of the exposure time, which can 
be varied by working in the pulsed mode (duration, 0.05 to 0.5 sec) or 
in the continuous mode.

Tissue Effects
When electromagnetic energy (incident radiation) interacts with tissue, 
the tissue reflects, absorbs, transmits, and scatters portions of the light. 
The surgical interaction of this radiant energy with tissue is caused only 
by that portion of light that is absorbed (i.e., the incident radiation 
minus the sum of the reflected and transmitted portions).

The actual tissue effects produced by the radiant energy of a laser 
vary with the wavelength of the laser. Each type of laser exhibits dif-

Depth of focus is realized when a camera is focused. With a camera, a 
range of objects is in focus, which can be set without carefully measur-
ing the distance between the object and the lens. The preceding equa-
tions show that a long focal length lens leads to a large beam waist, 
which also translates as a large depth of focus.

The size of the laser beam on the tissue (spot size) can therefore 
be varied in two ways:

1. Because the minimum beam diameter of the focal spot increases 
directly with increasing the focal length of the laser-focusing lens, 
the surgeon can change the focal length of the lens to obtain a 
particular beam diameter. As the focal length decreases, a corre-
sponding decrease occurs in the size of the focal spot. Also, the 
smaller the spot size is for any given power output, the greater the 
corresponding power density.

f

d

Depth of focus

D

Figure 3-4. The beam waist of parallel light focused by a lens. The 
focal length of the lens is f. The incident beam is transverse electro-
magnetic mode (TEM00) and has a diameter incident on the lens of 
2D. The beam waist has a diameter of 2d.

Working
distance

Working
distance

Laser lens
setting

A

B

Figure 3-5. A, Laser-tissue interaction when the tissue is the focal distance away from the lens. Note the minimum beam diameter in the focal 
plane. B, Laser-tissue interaction when the tissue is not in the focal plane of the lens. The laser covers a much larger area on the tissue surface.



E

Chapter 3  n  Laser Surgery: Basic Principles and Safety Considerations    29

the wavelength of light, the more it is scattered by the tissue. If the 
radiant energy is reflected from or transmitted through the tissue (Figs. 
3-7, 3-9, and 3-10), no effect will occur. To select the most appropri-
ate laser system for a particular application, the surgeon should thor-
oughly understand these characteristics regarding the interaction of 
laser light with biologic tissue.10

The CO2 laser creates a characteristic wound (Fig. 3-11). When 
the target absorbs a specific amount of radiant energy to increase its 
temperature to between 60° C and 65° C, protein denaturation occurs. 
Blanching of the tissue surface is readily visible, and the deep structural 

ferent characteristic biologic effects on tissue and is therefore useful for 
different applications. However, certain similarities exist regarding the 
nature of laser light interaction with biologic tissue. The lasers used in 
medicine and surgery today can be ultraviolet, meaning the interactions 
are a complex mixture of heating and photodissociation of chemical 
bonds. The more commonly used lasers emit light in the visible or the 
infrared region of the electromagnetic spectrum, and their primary 
form of interaction with biologic tissue leads to heating. Therefore, if 
the radiant energy of a laser is to exert its effect on the target tissue, it 
must be absorbed by the target tissue and be converted to heat (Fig. 
3-7). Scattering tends to spread the laser energy over a larger surface 
area of tissue, but it limits the penetration depth (Fig. 3-8). The shorter 
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Figure 3-6. Power density versus spot size. The ratios are arbitrary for a current model carbon dioxide laser. The cylinder height represents the 
amount of tissue vaporized after a 1-second exposure at the three designated focal lengths.

Figure 3-7. Absorption.

Figure 3-8. Scattering.

Figure 3-9. Reflection.

Figure 3-10. Transmission.
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of water. The short-pulsed, high-peak power laser is similar to the larger 
bucket in that it quickly dumps energy into the ablation site.

Laser Types and Applications
Several types of lasers are commonly used in otolaryngology. They 
include the argon laser, argon tunable dye laser, Nd:YAG laser, KTP 
laser, pulsed dye laser (PDL), flash lamp pumped dye laser, and CO2 
laser. Other types are in various stages of evaluation for clinical appli-
cability, such as the thulium:YAG laser. The potential clinical applica-
tions of these surgical lasers are mainly determined by wavelength and 
the specific tissue-absorptive characteristics. Therefore the surgeon 
should consider the properties of each wavelength when choosing a 
particular laser to achieve the surgical objective with minimal morbid-
ity and maximal efficiency (Table 3-1). Clinical applications are also 
limited by the available modes of delivery for the various lasers. It is 
also important to know that the applications listed can, in many cases, 
be addressed with nonlaser techniques as well or arguably better.

Argon (Ar) Laser
Ar lasers produce blue-green light in the visible range of the electro-
magnetic spectrum, with primary wavelengths of 0.488 and 0.514 µm. 
The radiant energy of an Ar laser may be strongly absorbed, scattered, 
or reflected depending on the specific biologic tissues with which it 
interacts. Its extinction length (i.e., the thickness of water necessary to 
absorb 90% of the incident radiation) in pure water is about 80 m. 
Therefore the radiant energy from an Ar laser is readily transmitted 
through clear aqueous tissues (e.g., cornea, lens, and vitreous humor) 
and is absorbed and reflected to varying degrees by tissues white in color 
(e.g., skin, fat, and bone). Light from an Ar laser is absorbed by hemo-
globin and pigmented tissues. A localized thermal reaction occurs 
within the target tissue, causing protein coagulation. The clinician uses 
this selective absorption of light from an Ar laser to photocoagulate 
pigmented lesions, such as port-wine stains, hemangiomas, and tel-
angiectasis. The heat produced destroys the epidermis and upper 
dermis. Therefore the surgeon should minimize the amount of laser 
energy delivered to the vascular cutaneous lesion to decrease the ten-
dency of scarring in the overlying skin.

When the beam of the Ar laser is focused on a small focal spot, 
its power density increases sufficiently to vaporize the target tissue. This 
characteristic allows otologists to perform stapedotomy in patients with 
otosclerosis.20 Bone, being a white tissue, reflects most of the incident 
radiation from an Ar laser. Therefore to perform an Ar laser stape-
dotomy, it is necessary to place a drop of blood on the stapes to initi-
ate absorption.

Argon Tunable Dye Laser
The Ar tunable dye laser works on the principle of the Ar laser. The 
Ar tunable dye laser makes a high-intensity beam that is focused on dye 
continuously circulating in a second laser optically coupled with the Ar 
laser. The Ar laser beam energizes the dye, causing it to emit laser energy 
at a longer wavelength than the pump beam. By varying the type of 
dye and using a tuning system, different wavelengths can be obtained. 
The laser energy from this dye laser can be transmitted through flexible 
fiberoptics and delivered through endoscopic systems or inserted 
directly into tumors. The major clinical use of this laser is with selective 
photodynamic therapy (PDT) for malignant tumors after the intrave-
nous injection of the photosensitizer, hematoporphyrin derivative.21

After intravenous injection, the hematoporphyrin derivative dis-
seminates to all of the cells of the body, rapidly moving out of normal 
tissue but remaining longer in neoplastic tissue. After a few days, a 
differential in concentration exists between the tumor cells and the 
normal cells. When the tumor is exposed to red light (630 nm), the dye 
absorbs the light, causing a photochemical reaction. Toxic oxygen 
radicals such as singlet oxygen are produced within the exposed cells, 
causing selective tissue destruction and cell death. Because healthy 
tissues contain less photosensitizer, a much less severe reaction or no 
reaction occurs. Long-term tumor control has been achieved using 
PDT for recurrent nasopharyngeal cancer.22 The overall potential and 
the place of maximum value of this form of management remain to be 
established.

integrity of the tissue is disturbed. When the absorbed laser light heats 
the tissue to approximately 100° C, vaporization of intracellular water 
occurs, causing vacuole formation, craters, and tissue shrinkage. Car-
bonization, disintegration, smoke, and gas generation with destruction 
of the laser-radiated tissue occurs at several hundred degrees centigrade. 
In the center of the wound is an area of tissue vaporization, where just 
a few flakes of carbon debris are noted. Immediately adjacent to this 
area is a zone of thermal necrosis (about 100 µm wide). Next is an area 
of thermal conductivity and repair (usually 300 to 500 µm wide). Small 
vessels, nerves, and lymphatics are sealed in the zone of thermal necro-
sis. The minimal operative trauma combined with the vascular seal 
probably account for the absence of postoperative edema characteristic 
of laser wounds.

Comparison animal studies have been performed on the histologic 
properties of healing and the tensile strength of the healing wound after 
laser- and scalpel-produced incisions. Several studies noted impaired 
wound healing with the CO2 laser incision when compared with the 
scalpel-produced incision.11-15 Other studies of the healing properties 
of laser-induced incisions concluded that laser incisions have equivalent 
or better healing results than surgical knife wounds.16-18 Buell and 
Schuller19 compared the rate of tissue repair after CO2 laser and scalpel 
incisions on hogs. In this study, the tensile strength of the laser incisions 
was less than that of similar scalpel incisions during the first 3 weeks 
after surgery. After this time, the tensile strength of both wounds 
rapidly increased at a similar rate.

Regardless of which studies accurately depict the effects of the 
CO2 laser on wound healing, the incidental, collateral thermal damage 
is indisputable. To minimize lateral thermal damage from thermal dif-
fusion, the tissue should be ablated with a short laser pulse.

To understand how a pulsed laser reduces thermal diffusion, con-
sider the analogy of filling a large bucket with a hole in the bottom. If 
a narrow stream of water is used to fill the bucket, the filling process 
will take a long time and a considerable amount of water will leak out 
of the hole during the filling process. Instead, if the bucket is filled in 
one quick dump from an even larger bucket, the water will have little 
time to leak out of the hole during the filling process.

This analogy can also be used to understand the ablation process. 
In ablation, the water represents laser energy and the filled bucket 
represents sufficient energy deposited in the tissue to cause ablation. 
The hole in the bottom of the bucket represents the thermal diffusion 
of heat away from the ablation site while the energy is being deposited. 
A low-intensity, continuous laser beam is similar to the narrow stream 
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Figure 3-11. The wound created by the carbon dioxide laser, showing 
the representative zones of injury.
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Table 3-1

Laser Choices for Various Lesions

Laser
Second-Choice 
Laser Anatomic Site Lesion Reason

Argon Ear Lysis of middle ear adhesions Optical fiber delivery, hemoglobin 
absorption

Argon pumped 
dye laser

Photodynamic therapy Can tune the laser to maximum 
absorption of photosensitizer

CO2 Glottis Nodules Microspot, precision; nonlaser better

CO2, in-office PDL 
or KTP

Glottis Polyps Microspot, precision; nonlaser better

CO2, in-office PDL 
or KTP

Glottis Reinke’s edema Microspot, precision, microflap technique 
preferred

CO2 Glottis T1 midfold squamous cell carcinoma with 
no anterior commissure involvement

Excisional biopsy

CO2 KTP Larynx Laryngoceles, saccular cysts Coagulation, hands-off technique

CO2 Larynx Laryngomalacia Aryepiglottic fold division, precision, 
coagulation

CO2 Larynx Stenoses (glottic, posterior, and subglottic) Radial excision and dilation

CO2 Lingual tonsils Recurrent tonsillitis, hypertrophy Minimal edema with complete vaporization

CO2 Oral cavity Carcinoma (verrucous, superficial T1) Less pain and edema, covers a large area

CO2 Oral cavity Premalignant (leukoplakia, erythroplakia) Vaporization, excision, can cover a large 
area

CO2 KTP Glottis Bilateral vocal cord paralysis Laser arytenoidectomy, coagulation

CO2, in-office PDL 
or KTP

Larynx Recurrent respiratory papilloma Lesion excision/ablation with CO2 vs. 
angiolysis with in-office lasers

CO2 KTP Larynx Suprahyoid supraglottic T1 squamous cell 
carcinoma

Excision with frozen section control

CO2 KTP Oral cavity Tongue T1 and limited T2 cancer Less pain and edema, precision, 
coagulation

CO2 KTP or Argon Ear Stapedotomy Minimal trauma

CO2 KTP or Nd:YAG Oral cavity Lymphangioma Minimal edema, coagulation

CO2 KTP or Nd:YAG Oropharynx T1 and T2 squamous cell carcinoma Precision, coagulation, less edema, 
contact tip with Nd:YAG

CO2 Nd:YAG Nose Turbinate hypertrophy Coagulation, less scabbing and scarring

CO2 Nd:YAG Subglottis Hemangioma Defocused beam, shrinkage, coagulation

Flash lamp 
pumped dye laser

Port-wine stains Selective photothermolysis

KTP Nose Polyps, concha bullosa Debulking for visualization, coagulation

KTP CO2 Larynx Obstructing squamous cell carcinoma Debulking airway, staging, coagulation

KTP CO2 Oropharynx Sleep apnea (uvulopalato-pharyngoplasty) Coagulation

KTP CO2 Palatine 
tonsils

Recurrent tonsillitis, obstructive apnea Coagulation? Less postoperative pain

KTP Nd:YAG Nose Epistaxis Fiber delivery, coagulation, hands-off 
technique

Nd:YAG KTP Nose Hereditary hemorrhagic telangiectasias Coagulation, hands-off technique

Nd:YAG KTP or CO2 Trachea Obstructing malignant lesions Debulking, coagulation, fiber delivery

CO2, carbon dioxide; KTP, potassium-titanyl-phosphate; Nd:YAG, neodymium:yttrium-aluminum-garnet; PDL, pulsed dye laser.
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site where the invisible CO2 laser beam will impact the target tissue. 
Thus, this laser acts as an aiming beam for the invisible CO2 laser beam. 
The radiant energy produced by the CO2 laser is strongly absorbed by 
pure, homogeneous water and by all biologic tissues high in water 
content. The extinction length of this wavelength is about 0.03 mm in 
water and in soft tissue. Reflection and scattering are negligible. Because 
absorption of the radiant energy produced by the CO2 laser is inde-
pendent of tissue color and because the thermal effects produced by 
this wavelength on adjacent nontarget tissues are minimal, the CO2 
laser has become extremely versatile in otolaryngology.

Until recently, light from the CO2 laser could not be transmitted 
through flexible endoscopes and was limited to transmission from the 
optical resonating chamber to the target tissue via a series of mirrors 
through an articulating arm to the target tissue. In this manner, the CO2 
laser can be used free-hand for macroscopic surgery, attached to the 
operating microscope for microscopic surgery, and adapted to an endo-
scopic coupler for bronchoscopic surgery. Pattern generators coupled 
with a micromanipulator on the operating microscope also help with 
surgical precision of the CO2 laser in laryngology. More recently, with 
the emphasis on in-office procedures, the CO2 laser has been coupled 
with a new flexible waveguide to allow passage through the working 
channel of a transnasal endoscope.26 The Omniguide (OmniGuide, 
Cambridge, MA) may be adapted to most CO2 lasers, requires a con-
tinuous infusion of helium as a coolant, and has no spot beam. Localiza-
tion of the beam may be identified by the mucosal disturbance created 
by the helium jet produced at the end of the fiber. Although application 
of the Omniguide in head and neck surgery has not been fully explored, 
use of this technology may ultimately be limited by the cost of the indi-
vidual nonreusable fibers.

The CO2 laser is an integral instrument in all aspects of otolaryn-
gology. The numerous types of uses vary from endoscopic resection of 
malignant laryngeal tumors to the precision of laser stapedotomy, as 
well as to cosmetic skin treatment, but its most effective use is in 
laryngology and bronchoesophagology.

For example, surgery for recurrent respiratory papillomatosis 
(RRP) advanced with the use of the laser. The increased ability to 
preserve normal laryngeal structures while maintaining the translaryn-
geal airway more than offsets the initial disappointment associated with 
the laser’s inability to cure the disease. In a published survey in 1995, 
the CO2 laser was preferred for the management of RRP by 92% of 
the respondents.27 However, surgical treatment of RRP has also been 
influenced by the introduction of microdébriders to laryngology. A 
survey published in 2004 indicates that many pediatric otolaryngolo-
gists prefer the powered instrumentation over laser technology in  
treating juvenile RRP.28 The CO2 laser, however, remains a popular 
instrument of choice by many surgeons to treat this unrelenting disease. 
As in all laser applications, knowledge of laser-tissue interactions will 
optimize safe and effective surgical outcomes. In pediatric patients, 
surgery for webs, subglottic stenosis, capillary hemangiomas, and other 
space-occupying airway lesions has been significantly improved by the 
precision, preservation of normal tissue, and predictably minimal 
amount of postoperative edema associated with the judicious use of the 
CO2 laser. In adults, surgery for polyps, nodules, leukoplakia, papil-
lomas, cysts, granulomas, and other benign laryngeal conditions can be 
performed with the laser. Surgeons should be cautioned, however, to 
be aware of the associated thermal injury that can occur to surrounding 
normal tissues with use of the laser even at recommended settings. A 
study by Garrett and Reinisch showed thermal injury beyond the laser 
ablation crater as much as 285 µm deep into the lamina propria of 
canine vocal folds.29 Fibrosis deep into the tissue could affect the vibra-
tory characteristics of the lamina propria.

Management of laryngotracheal stenosis is a difficult problem for 
the otolaryngologist. Retrospective analysis has determined that sten-
otic lesions appropriate for endoscopic management have two features 
in common8: (1) All lesions treated with endoscopic techniques must 
retain intact external cartilaginous support. (2) Lesions appropriate for 
endoscopic management are usually less than 1 to 2 cm in vertical 
length, yet favorable results have been reported for lesions up to 3 cm 
in length when endoscopic incision is combined with prolonged  
stenting.30,31

Neodymium:Yttrium-Aluminum-Garnet (Nd:YAG) Laser
Nd:YAG lasers produce light with a wavelength of 1.064 µm in the near 
infrared (invisible) range of the electromagnetic spectrum. Pure water 
weakly absorbs the radiant energy of the Nd:YAG laser. The extinction 
length is about 40 mm. Therefore its radiant energy can be transmitted 
through clear liquids, facilitating its use in the eye or other water-filled 
cavities (e.g., the urinary bladder). Absorption of light from this laser is 
slightly color dependent, with increased absorption in darkly pigmented 
tissues and charred debris. In biologic tissue, strong scattering, both 
forward and backward, determines the effective extinction length, 
which is usually 2 to 4 mm. Backward scattering can account for up to 
40% of the total amount of scattering. The zone of damage produced 
by the incident beam of a Nd:YAG laser produces a homogeneous zone 
of thermal coagulation and necrosis that may extend up to 4 mm deep 
and lateral from the surface, making precise control impossible.

The primary applications for the Nd:YAG laser in otolaryngology 
include ablation or palliation of obstructing tracheobronchial lesions, 
palliation of obstructing esophageal lesions, photocoagulation of vascu-
lar lesions of the head and neck, and photocoagulation of lymphatic 
malformations. The contact Nd:YAG laser is reportedly useful in the 
removal of malignant tumors in the oral cavity and oropharynx, where 
it is difficult to maintain a generous safety margin.23 The Nd:YAG laser 
has several distinct advantages in the management of obstructing lesions 
of the tracheobronchial tree. Hemorrhage is the most frequent and 
dangerous complication associated with laser bronchoscopy, and its 
control is extremely important. Control of hemorrhage is more secure 
with this laser because of its deep penetration in tissue.

Nd:YAG laser application through an open, rigid bronchoscope 
allows for multiple distal suction capabilities simultaneous with laser 
application and rapid removal of tumor fragments and debris to prevent 
hypoxemia. Patients for Nd:YAG laser bronchoscopy should be selected 
after flexible fiberoptic bronchoscopic examination of the tracheobron-
chial tree and tracheal computed tomography. Patients in whom extrin-
sic compression of the airway can be shown should be excluded. The 
radiant energy from the Nd:YAG laser can be transmitted through 
flexible fiberoptic delivery systems, allowing its use with flexible endo-
scopes. In the management of patients with obstructing neoplasms of 
the tracheobronchial tree, it is considered safer to use a rigid ventilating 
bronchoscope rather than a flexible fiberoptic bronchoscope.24 During 
this approach, the laser fiber is passed down the lumen of the rigid 
bronchoscope with a rod lens telescope and suction catheter. Other 
advantages of the use of the Nd:YAG laser with a rigid bronchoscope 
include ventilatory control of the compromised airway, palpation of 
the tumor-cartilage interface, use of the bronchoscope tip as a “cookie 
cutter,” and use of the bronchoscope tip to compress a bleeding tumor 
bed for temporary hemostasis. The flexible fiberoptic bronchoscope is 
often used through the open rigid scope to provide pulmonary toilet 
and more distal laser application after the major airway is secure.

This laser is an excellent surgical instrument for tissue coagulation. 
Vaporization and incision also can be performed with the Nd:YAG 
laser. When this laser is used for these functions, however, precision is 
lacking and tissue damage is widespread. The major disadvantage of 
the Nd:YAG laser is its comparatively less predictable depth of tissue 
penetration. This laser is used primarily to rapidly photocoagulate 
tumor masses in the upper- and lower-aerodigestive tract at 40- to 
50-W, using 0.5- to 1-sec exposures. Whenever possible, the laser beam 
is applied parallel to the wall of the tracheobronchial tree. The rigid tip 
of the bronchoscope is used mechanically to separate the devascularized 
tumor mass from the wall of the tracheobronchial tree.

Otolaryngologists may use the Nd:YAG laser with the CO2 laser 
when performing bronchoscopic laser surgery. The effective coagulat-
ing properties of the Nd:YAG laser should augment the predictable 
vaporizing properties of the CO2 laser when treating patients with 
obstructive tracheal and proximal endobronchial cancers, especially if 
an ulcerative or actively bleeding tumor is present.25

Carbon Dioxide (CO2) Laser
CO2 lasers produce light with a wavelength of 10.6 µm in the infrared 
(invisible) range of the electromagnetic spectrum. A second, built-in, 
coaxial helium-neon laser is necessary because its red light indicates the 
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dye was initially selected for maximum absorption by the oxyhemo-
globin at 577 nm. Tan and others showed that at 585 nm, hemoglobin 
absorption is maximal with minimal scattering and absorption by 
melanin and other pigments.38 The light pulse is about 400 µsec long 
to minimize thermal diffusion in the tissue. Although dark skin types 
show little or no selective vascular photothermolysis with the flash lamp 
pumped dye laser, lighter skin types show significant results. At a 
threshold dose, specific vascular injury is observed without disruption 
of the adjacent tissue in lightly pigmented skin.

Other Lasers
In an effort to have a more controlled laser effect with less damage to 
adjacent tissue, several lasers in the near- to mid-infrared region have 
been investigated, including the erbium:YAG (Er:YAG) and the 
holmium:YAG (Ho:YAG). The Er:YAG emits at the infrared peak of 
water absorption at 2.94 µm. The extinction length in water is less than 
2 µm. The laser produces very clean incisions with a minimal amount 
of thermal damage to the adjacent tissue. The negative aspects are that 
(1) the wavelength is too long to be transmitted through normal optical 
fibers, giving a distinct advantage to lasers that produce light that can 
be transmitted through fibers, and (2) more important, the thermal 
propagation is so short there is practically no tissue coagulation and no 
hemostasis. The Er:YAG laser is therefore unsuitable for use in highly 
vascular tissue. It has been used in dental surgery for various indica-
tions. In otolaryngology, the Er:YAG laser has been used for stapes 
surgery and for cutaneous applications, including rhinophyma and 
resurfacing for wrinkles.23,26,39

The Ho:YAG laser operates at 2.1 µm. This wavelength can be 
effectively transmitted through fibers. The extinction length in water 
is about 0.4 µm, which suggests that this laser light should interact with 
tissue in a way very similar to the CO2 laser. The Ho:YAG has been 
combined with fiberoptic endoscopy for sinus surgery. The hemostasis 
is good, and the soft bone ablation is readily controlled. Adjacent 
thermal damage zones varied from 130 to 220 µm in a study by Stein 
and others.8 The laser is as effective in sinus surgery as conventional 
surgical techniques with less blood loss but increased postoperative 
edema.4 The thulium:YAG laser has also been introduced as a possible 
alternative to the CO2 laser because it can easily be applied through a 
flexible endoscope in an office setting. It has a wavelength of 2.013 µm 
and has water as its main target chromophore. Early clinical reports are 
encouraging but whether it will replace the CO2 laser for use in laryn-
gology is uncertain.40

Pulse Structure
As mentioned earlier, the surgeon has three parameters to select when 
using a particular laser. The intensity of the laser is the least useful. The 
exposure time is important in that it controls the total amount of light 
incident on the tissue (i.e., the radiant exposure). The pulse structure 
of the laser light within the given exposure time is also crucial. The 
pulse structure is a characteristic of the active medium and the cavity 
configuration. It is often fixed and cannot be changed or modified by 
the surgeon.

Continuous Wave Lasers
Many lasers operate in a continuous wave mode. In this mode, the laser 
is always on. The instantaneous intensity and the average laser intensity 
are essentially the same. A shutter, external to the laser cavity, usually 
controls the exposure time, allowing the laser to operate independently 
of the exposure time or the frequency of exposures. This gives the most 
stable operation. A surgical CO2 or Nd:YAG laser operates in continu-
ous wave mode at intensities of a few watts to more than 50 W.

Flash Lamp Pulsed Lasers
Certain lasers operate in a pulsed mode. Flash lamp pumped lasers can 
pulse from about 0.5 msec to several 100 msec. The first ruby laser 
operated in a pulsed mode. The flash lamp used to pump the ruby 
crystal had a duration of about 1 msec. The laser output of this first 
ruby laser clearly was irregular and unstable. When observed with a fast 
detector and oscilloscope, the output intensity was found not to be a 
1-msec long laser pulse but rather a series of irregular spikes. Each spike 

The addition of the CO2 laser to endoscopic treatment of bilateral 
vocal fold immobility due to nerve injury or joint fixation allows the 
surgeon to perform laser cordotomy, medial arytenoidectomy, or total 
arytenoidectomy as needed. The precision associated with the CO2 laser 
facilitates performance of this operation. Pattern generators are also 
available that create an incision of desired length, shape, and depth of 
penetration, aiding in the precision and efficiency of the operating 
microscope micromanipulator.

The transoral management of squamous cell carcinoma of the 
larynx using the CO2 laser is an obvious extension of the application 
of this surgical instrument. The advantages of precision, increased 
hemostasis, and decreased intraoperative edema allow the surgeon to 
perform exquisitely accurate and relatively bloodless endoscopic surgery 
of the larynx.

Bronchoscopic indications for CO2 laser surgery include manage-
ment of recurrent respiratory papillomatosis or granulation tissue 
within the tracheobronchial tree, excision of selected subglottic or 
tracheal strictures, excision of bronchial adenomas, and reestablishment 
of the airway in patients with obstructing tracheal or endobronchial 
cancers. In the case of obstructing tracheal or endobronchial cancers, 
palliation or reduction of the patient’s symptoms of airway obstruction 
or hemoptysis is the goal.

Potassium-Titanyl-Phosphate (KTP) Laser
The KTP laser emits light at 532 nm and is therefore comparable with 
the Ar laser. The scattering and absorption by skin pigments when 
using the KTP laser are nearly the same as for the Ar laser, yet the KTP 
laser light is more strongly absorbed by hemoglobin.

The KTP laser has uses in otologic, rhinologic, and laryngologic 
surgery. It can also be used for tonsillectomy and pigmented dermal 
lesions. In otology, it has been shown to be effective for initial stapes 
surgery, as well as for revision stapedectomy.32 Thedinger has promoted 
the KTP laser for chronic ear surgery, specifically for removing hyper-
plastic infected mucosa, disarticulating mobile stapes suprastructure in 
a complete cholesteatoma removal, and removing previously inserted 
middle ear implants.33 Handheld probes also facilitate use of the KTP 
laser for functional endoscopic sinus surgery and other intranasal appli-
cations and for microlaryngeal applications. The optical fiber delivery 
of the 532-nm laser light can be manipulated through a rigid pediatric 
bronchoscope as small as 3 mm, facilitating lower tracheal and endo-
bronchial lesion treatment in infants and neonates.34

The KTP crystal doubles the frequency (halves the wavelength) of 
an Nd:YAG laser. Therefore with this laser the output between the 
532-nm KTP light and the 1064-nm Nd:YAG light can usually be 
switched.

Most of the past and current applications of the KTP laser use a 
continuous-wave mode. Recently, a pulsed mode has been introduced 
to take advantage of thermal relaxation times of tissue, minimizing 
collateral thermal damage. The pulsed KTP laser is used for selective 
photoangiolysis of laryngeal lesions such as papilloma and dysplastic 
lesions.35 It can be applied in the office setting through flexible chan-
neled endoscopes.

585-nm Pulsed Dye Laser
The 585-nm pulsed dye laser (PDL) is used mainly as a photoangiolytic 
laser for laryngeal applications. The targeted chromophore for the PDL 
is oxyhemoglobin, which has an absorption peak of 571 nm. Conse-
quently, the laser energy is selectively absorbed by intraluminal blood 
of vascular lesions such as papilloma, vascular polyps, vocal fold ectasias 
and varices. Numerous surgeons have found this laser useful for in-
office unsedated laser laryngoscopy through a flexible channeled laryn-
goscope that allows passage of the thin laser fiber.36,37 Unlike CO2 laser 
ablation effects, the PDL causes involution of the lesion through dis-
ruption of the vascular supply rather than immediate removal of the 
lesion. Advantages of this laser include the reduced risk of collateral 
thermal injury compared with the CO2 laser.

Flash Lamp Pumped Dye Laser
The management of hemangiomas and port-wine stains with lasers has 
benefited from the application of the flash lamp pumped dye laser. The 
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ogy. Most hospitals now require evidence of participation in a laser  
use and safety course before granting laser privileges. The surgeon who 
has not received training in laser surgery as a resident should attend  
a hands-on training course in laser surgery. Such a course should 
include laser biophysics, tissue interactions, safety precautions, and 
supervised hands-on training with laboratory animals. After completing 
such a course, the surgeon should practice laser surgery on cadaver or 
animal specimens before progressing to the more simple procedures on 
patients.

Hospitals that offer laser surgery should appoint a laser safety 
officer and set up a laser safety committee consisting of the laser safety 
officer, physicians using the laser, anesthesiologists, operating room 
nurses, a hospital administrator, and a biomedical engineer. The 
purpose of this committee is to develop policies and procedures for the 
safe use of lasers within the hospital. The safety protocols established 
by this committee will vary with each specialty and use of the laser. In 
addition, the laser safety committee should (1) make recommendations 
regarding the appropriate credential-certifying mechanisms required for 
physicians and nurses to become involved with each laser; (2) develop 
educational policies for surgeons, anesthesiologists, and nurses working 
with the laser; (3) accumulate laser patient data in cases where an 
investigational device was used; and (4) conduct a periodic review of 
all laser-related complications.

Aside from a few minor eye injuries from a laser beam exposure, 
most serious accidental injuries related to laser use can be traced to the 
ignition of surgical drapes and airway tubes.41 Because the anesthesi-
ologist is also concerned with the airway and because potent oxidizing 
gases pass through the airway in close approximation to the path of the 
laser beam, it is necessary to develop a team approach to the anesthetic 
management of the patient undergoing laser surgery of the upper aero-
digestive tract. It is recommended that anesthesiologists involved with 
laser surgery cases attend a didactic session devoted to this subject. 
Finally, the operating room staff must be educated with regard to laser 
surgery. Attendance at an inservice workshop with exposure to clinical 
laser biophysics and the basic workings of the laser, as well as hands-on 
orientation, should be the minimal requirement for nurses to partici-
pate in laser surgery.

Safety Protocol
Development of an effective laser safety protocol that stresses compli-
ance and meticulous attention to detail by the operating room person-
nel (laser surgery team) is probably the most important reason this 
potentially dangerous surgical instrument can be used safely in treating 
patients with diseases of the upper aerodigestive tract.7 Such a laser 
safety protocol is usually general enough to list all the major and most 
minor precautions necessary when laser surgery is being performed 
within the specialty of otolaryngology. General considerations concern 
provisions for protection of the eyes and skin of patients and operating 
room personnel and for adequate laser plume (smoke) evacuation from 
the operative field. Additional precautions concern the choice of anes-
thetic technique, the choice and protection of endotracheal tubes, and 
the selection of proper instruments, including bronchoscopes.

Eye Protection
Several structures of the eye are at risk. The area of injury usually 
depends on which structure absorbs the most radiant energy per volume 
of tissue. Depending on the wavelength, corneal or retinal burns, or 
both, are possible from acute exposure to the laser beam. The possibil-
ity for corneal or lenticular opacities (cataracts) or retinal injury exists 
after chronic exposure to excessive levels of laser radiation. Retinal 
effects occur when the laser emission wavelength occurs in the visible 
and near-infrared range of the electromagnetic spectrum (0.4 to 
1.4 µm). When viewed directly or secondary to the reflection from a 
specular (mirror-like) instrument surface, laser radiation within this 
wavelength range would be focused to an extremely small spot on the 
retina, causing serious injury. This occurs because of the focusing effects 
of the cornea and lens. Laser radiation in the ultraviolet (<0.4 µm) 
or in the infrared (>1.4 µm) range of the spectrum produces effects 
primarily at the cornea, although certain wavelengths also may reach 
the lens.42

is a few microseconds long with several microseconds between the 
spikes. The stimulated emission in the ruby is so efficient that it quickly 
depletes the population inversion and the operation stops, after which 
the flash lamp can reestablish the population inversion and operation 
can resume. This process repeats until the flash lamp stops. Most of 
the long-pulsed lasers operate in a spiking mode.

Q-Switched Laser
The spiking of the laser output can be controlled to produce a single 
very short laser pulse, much shorter than the flash lamp lifetime. One 
technique to produce the short pulses is Q-switching, in which the laser 
pumping process (usually a flash lamp) builds up a large population 
inversion inside the laser cavity. Blocking or removing one of the 
mirrors prevents the laser from emitting. After a large population inver-
sion has developed, the feedback is restored and a short intense burst 
of laser light depletes the accumulated population inversion, typically 
in 10 to 50 nsec. Q-switching can be accomplished by several different 
methods. The most direct and earliest method is rotating the end 
mirror so that the light amplification by stimulated emission can occur 
during the short interval when the mirror is correctly aligned. Waring 
blender motors were often used as fast, stable motors. However, uncer-
tain timing, lack of reliability, and vibration (and noise) led to many 
problems, particularly with the alignment. Electro-optic polarization 
rotators and acousto-optic beam deflectors are now commonly used for 
Q-switching.

Cavity Dumped Lasers
Cavity dumping produces slightly shorter pulses of light. In this tech-
nique, the laser is pumped and allowed to operate between completely 
reflecting mirrors. The light energy is trapped in the cavity until it 
reaches a maximum. Then one of the mirrors is “removed” from the 
cavity and allows all the light to leave the cavity. The laser pulse has a 
physical length of twice the cavity length. Thus the duration of the laser 
pulse is 2λ/c, where λ is the length of cavity and c is the speed of light 
(c is about 3 × 1010 cm/sec or 1 foot/nsec).

Mode-Locked Lasers
Mode locking produces pulses of light as short as a few picoseconds. A 
Q-switched laser operates in several longitudinal modes (or slightly 
shifted frequencies). A fast saturable dye brings all these modes into 
phase. The nanosecond macropulse of light is actually a train of micro-
pulses, each of which is several picoseconds long and repeats at about 
100 MHz. These pulses can be further compressed by various tech-
niques. The shortest laser light pulses achieved in the laboratory are less 
than 4 wave oscillations long (about 6 fsec or 6 × 10 −15 sec).

The pulsed laser dramatically changes the interaction of the light 
with tissue. The intensity of the laser during the pulse is extremely high 
(approaching 109 W). The high intensity and short pulse duration 
enable the laser light efficiently to ablate tissue before the thermal 
energy spreads by thermal diffusion. The pulse should be significantly 
shorter than the thermal diffusion time to prevent thermal diffusion 
from spreading damage. Typically, a tissue under laser irradiation 
reaches thermal equilibrium within a few milliseconds. The heat spreads 
over several micrometers in less than 10 µsec. Also, the transverse mode 
structure of the laser beam must be preserved in the short pulses to 
yield the small focal spot size.

Safety Considerations

Education
The laser is a precise but potentially dangerous surgical instrument  
that must be used with caution. Although distinct advantages are  
associated with the use of laser surgery in the management of certain 
benign and malignant diseases of the upper aerodigestive tract, these 
advantages must be weighed against the risks of complications. Because 
of these risks, the surgeon must first determine if the laser offers an 
advantage over conventional surgical techniques. For the surgeon to use 
good judgment in the selection and use of lasers in practice, prior 
experience in laser surgery is necessary. Therefore some type of formal 
laser education program should be a prerequisite to using this technol-
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Skin Protection
The patient’s exposed skin and mucous membranes outside the surgical 
field should be protected by a double layer of saline-saturated surgical 
towels, surgical sponges, or lap pads. When microlaryngeal laser surgery 
is being performed, the beam might partially reflect off the proximal 
rim of the laryngoscope rather than go down it. Thus saline-saturated 
surgical towels completely drape the patient’s face. Only the proximal 
lumen of the laryngoscope is exposed. Great care must be exercised to 
keep the wet draping from drying out. It should occasionally be mois-
tened during the procedure. Teeth in the operative field also need to 
be protected. Saline-saturated Telfa, surgical sponges, or specially con-
structed metal dental impression trays can be used. Meticulous atten-
tion is paid to the protective draping procedures at the beginning of 
the surgery. The same attention should be paid to the continued protec-
tion of the skin and teeth during the surgical procedure.44

Smoke Evacuation
Two separate suction setups should be available for all laser cases in the 
upper aerodigestive tract. One provides for adequate smoke and steam 
evacuation from the operative field; whereas the second is connected to 
the surgical suction tip for the aspiration of blood and mucus from the 
operative wound. When performing laser surgery with a closed anes-
thetic system, the surgeon should use constant suctioning to remove 
laser-induced smoke from the operating room. This helps prevent 
inhalation by the patient, surgeon, and operating room personnel. 
When the anesthetic system is open or has jet ventilation systems, 
suctioning should be intermittent to maintain the forced inspiratory 
oxygen at a safe level. Laryngoscopes, bronchoscopes, operating plat-
forms, mirrors, and anterior commissure and ventricle retractors with 
built-in smoke-evacuating channels facilitate the evacuation of smoke 
from the operative field. One report suggested that the smoke created 
by the interaction of the CO2 laser with tissue may be mutagenic.45 
Filters in the suction lines should be used to prevent clogging by the 
black carbonaceous smoke debris created by the laser. Although papil-
lomavirus and other viral particles have been detected in the laser 
plume, no cases of clinical transmission of diseases are documented.46,47

To reduce the risk of ocular damage during cases involving the 
laser, certain precautions should be followed. Protecting the eyes of  
the patient, surgeon, and other operating room personnel must be 
addressed. The actual protective device will vary according to the wave-
length of the laser used. A sign should be placed outside the operating 
room door warning all persons entering the room to wear protective 
glasses because the laser is in use. In addition, extra glasses for the 
specific wavelength in use should be placed on a table immediately 
outside the room. The doors to the operating room should remain 
closed during laser use.

Patients undergoing CO2 laser surgery of the upper aerodigestive 
tract should have a double layer of saline-moistened eye pads placed 
over the eyes (Fig. 3-12). All operating room personnel should wear 
protective eyeglasses with side protectors. Regular eyeglasses or contact 
lenses protect only the areas covered by the lens and do not provide 
protection from possible entry of the laser beam from the side. When 
working with the operating microscope and the CO2 laser, the surgeon 
need not wear protective glasses. The optics of the microscope provide 
the necessary protection (Fig. 3-13). When working with the Nd:YAG 
laser, all operating room personnel (and the patient) must wear wave-
length-specific protective eyeglasses that are usually blue-green. 
Although the beam direction and point of impact may appear to be 
confined within the endoscope, inadvertent deflection of the beam may 
occur because of a faulty contact, a break in the fiber, or accidental 
disconnection between the fiber and endoscope. Special wavelength-
specific filters are available for flexible and rigid bronchoscopes. When 
these filters are in place, the surgeon need not wear protective eye-
glasses.43

When working with the Ar, KTP, or dye laser, all personnel in 
the operating room, including the patient, should again wear wave-
length-specific protective eyeglasses that are usually tinted (Fig. 3-14). 
When undergoing photocoagulation for selected cutaneous vascular 
lesions of the face, the patient usually wears protective metal eye shields 
rather than protective eyeglasses. Similar precautions are necessary for 
the visible and near-infrared wavelength lasers. The major difference is 
the type of eye protection that is worn.

A B

Figure 3-12. Patient undergoing carbon dioxide laser microlaryngoscopy with jet ventilation. A, Saline-moistened eye pads are secured with silk 
tape. The eyes are first taped closed with silk tape to prevent corneal abrasions from the eye pads. B, Saline-moistened towels are placed around 
the patient’s head to cover all skin surfaces.
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Anesthetic Considerations and Risk of Intraoperative Fire
Optimal anesthetic management of the patient undergoing laser surgery 
of the upper aerodigestive tract must include attention to the safety of 
the patient, the requirements of the surgeon, and the hazards of the 
equipment. Most patients undergoing upper airway laser endoscopy 
require general anesthesia. Any nonflammable general anesthetic is 
suitable. Halothane and enflurane are most often used. Because of the 
risk of fire associated with general endotracheal anesthesia, the inspired 
concentration of oxygen, a potent oxidizing gas, is critical and both 
surgeon and anesthesiologist must be aware of the risk involved. Mix-
tures of helium, nitrogen, or air plus oxygen are commonly used to 
maintain the forced inspiratory oxygen less than 40% and to ensure 
that the patient is adequately oxygenated. Nitrous oxide is also a potent 
oxidizing gas and should not be used in the anesthetic mixture to cut 
the oxygen concentration. The lowest concentration of oxygen should 
be used to maintain adequate oxygen saturations for the patient, and 
continuous dialogue between the surgeon and anesthesiologist is neces-
sary. This is also true when performing laser surgery in the tracheo-
bronchial tree through the rigid, ventilating bronchoscope. Although 
there is no flammable material in the airway, flash ignition of 100% 
oxygen may occur. Jet ventilation techniques during laser surgery are 
effective for selected patients, such as those with subglottic stenosis. 
Successful use of this ventilation technique requires that the anesthesi-
ologist be experienced in this practice.

One of the most devastating complications of laser surgery of the 
aerodigestive tract is endotracheal tube ignition and resulting injury to 
the laryngotracheal mucosa. At present, a nonflammable, universally 
accepted endotracheal tube for all types of laser surgery of the upper 
aerodigestive tract does not exist. The traditional polyvinyl endotra-
cheal tube should not be used, either wrapped or unwrapped. It offers 
the least resistance to penetration by the laser beam of all the endotra-
cheal tubes that have been tested. Its fire-breakdown products are toxic, 
and tissue destruction associated with combustion of this tube is the 
most severe when compared with other tubes. Endotracheal tubes for 
laser surgery that are wavelength specific are now available from several 
manufacturers and should be used at all times unless jet ventilation 
techniques are used.

Protection of the endotracheal tube from direct or reflected laser 
beam irradiation is of primary importance. If the laser beam strikes an 

Figure 3-13. Protective eyewear is worn by the assistant surgeon during carbon dioxide laser microlaryngoscopy. The surgeon’s eyes are protected 
by the optics of the operating microscope.

Figure 3-14. Patient undergoing pulsed dye laser treatment for papil-
lomas in the office. Both the patient and surgeon are wearing wave-
length-specific protective eyewear. The laser fiber can be seen 
protruding from the end of the working channel on the video monitor.
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surgery of the airway to be performed safely and with an extremely 
small risk of serious complications.
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unprotected endotracheal tube carrying oxygen, ignition of the tube 
could result in a catastrophic, intraluminal, blowtorch-type endotra-
cheal tube fire. Protection should also be provided for the cuff of the 
endotracheal tube, even while using laser-specific tubes. Methylene 
blue–colored saline should be used to inflate the cuff. Saline-saturated 
cottonoids are then placed above the cuff in the subglottic larynx to 
further protect the cuff. These cottonoids require frequent moistening 
during the procedure. If the cuff deflates from an errant hit by the laser 
beam, the already saturated cottonoids turn blue to warn the surgeon 
of impending danger. The tube should then be removed and replaced 
with a new one. Use of the microlaryngeal operating platform offers 
further protection against potential danger. Inserted into the subglottic 
larynx above the level of the packed cottonoids, this unique instrument 
serves as a backstop to protect the cottonoids, endotracheal tube, and 
cuff from any direct or reflected laser beam irradiation. A 60-mL bulb 
syringe and basin of saline should be immediately available to the 
surgeon. In the event of tube ignition, ventilation must be stopped 
immediately and the tube withdrawn simultaneously as saline is flushed 
down the endotracheal tube. The airway must be reestablished imme-
diately and bronchoscopy performed to assess the degree of injury. 
Intravenous steroids may be delivered and the patient should remain 
intubated; repeat bronchoscopy should be performed daily until it is 
established that the airway is stable.

Effectiveness of a Safety Protocol
Strong and Jako48 and later Snow and others49 warned of the possible 
complications associated with laser surgery of the upper aerodigestive 
tract, including the risks of endotracheal tube fires and tissue damage 
from reflection of the laser beam. In a survey of laser-related complica-
tions by Fried,10 49 of 152 otolaryngologists who used the laser reported 
81 complications, including 28 incidents of endotracheal tube fires. 
Healy and others50 reported a 0.2% complication rate in 4416 cases of 
CO2 laser surgery in the upper aerodigestive tract. Ossoff44 published 
an extensive view of laser-related complications experienced by 218 past 
registrants of hands-on laser surgery training courses that he directed. 
Seven surgeons experienced 8 complications and no endotracheal tube 
fires. The complication rate was 0.1% in more than 7200 laser surgical 
procedures. These papers have similar conclusions: (1) certain precau-
tions are necessary when performing laser surgery of the upper aerodi-
gestive tract, and (2) adherence to a rigid safety protocol allows laser 

For complete list of references log onto www.expertconsult.com.
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CHAPTER FOUR A

Surgical Robotics in 
Otolaryngology
David J. Terris

Key Points

• Surgical robotics have evolved from rudimentary scope holders to sophisticated and precise telerobotic systems with “wristed” 
technology and true three-dimensional visualization.

• Experimental robotic surgery investigation has centered on neck and thyroid, skull base, and oropharyngeal applications.
• Clinical robotic applications have so far been restricted to thyroid and oropharyngeal procedures.
• There is a burden with robotic surgery to balance increased time, expense, and technologic challenges with improvements in 

outcomes or other definable advantages.
• Despite a number of hurdles, it seems likely that the future will bring more indications for robotic assistance, rather than fewer.

History of Robotics
The origins of robotics may be traced to early in the twentieth century, 
when the Czechoslovakian Capek brothers introduced the concept of 
automated devices. Joseph Capek wrote the short story “Opilec” in 
which automats were described, and Karel Capek wrote “Rossum’s 
Universal Robots.” This introduction of the term robot (deriving from 
the Czech word robota, which means serf or laborer) was part of a 
fictional depiction of the increasing sophistication of robots, which 
eventually rose up against their human inventors.1

The next seminal spark of the collective imagination of scientists 
and society alike occurred with Isaac Asimov’s collection of short stories 
in the 1940s.2 He developed the three laws relating to robot behavior, 
which were recently popularized in Will Smith’s “I, Robot”:

1. A robot may not injure a human being or through inaction allow a 
human to come to harm.

2. A robot must obey orders given it by humans except when doing so 
conflicts with the first law.

3. A robot must protect its own existence as long as this does not 
conflict with the first or second law.

Other Hollywood productions stimulating public interest in 
robotics included the “Star Wars” series, the “Terminator” trilogy, and 
“Bicentennial Man,” starring Robin Williams.

Simultaneous with sensational depictions of the potential for 
common robotic applications, gradual and stepwise breakthroughs in 
electronics and computers paved the way for the development and 
production of the first meaningful robot in 1958, dubbed “the 
Unimate” by General Motors. Its use in assembly lines to facilitate 
automobile production in 1961 was the first in what eventually became 
widespread application of automation in the automobile industry. 
Honda has been particularly innovative in its development of robotic 

humanoids, culminating in the ASIMO, which not only can walk but 
also can negotiate stairs (Fig. 4A-1).

A growing number of other applications for robotics have quickly 
emerged, including military uses and purposes as far-reaching as explo-
ration of deep sea and space and as mundane as lawn care and use of 
home appliances. These robots can be characterized in a variety of ways: 
automated arms, mobile devices, mills, or telerobotic devices. With the 
advent of these many and varied robots, specific nomenclature has 
evolved to classify their actions and mechanisms.

Definitions
As the presence of robotics in the operating room becomes more  
pervasive, a basic knowledge of the language of robotics is desirable. 
The following terms represent the essential foundation of robotic  
lexicography3:

Robotic surgery—implies the use of a powered device that functions 
under programmable computerized control and may be used to 
manipulate instruments and perform surgical tasks.

Active robotics—refers to a robot that is programmed to independently 
perform a complete task without operator control.

Semiactive robotics—requires the input of an operator to perform 
defined, powered tasks.

Passive robotics—functions only at the direction of the operator, without 
independently powered movements (sometimes referred to as a  
telemanipulator).

Telerobotic surgery—refers to a system in which the operator controls a 
robot from a console containing a virtual three-dimensional visu-
alization framework and from which robotically controlled manipu-
lations are reproduced.
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