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INTRODUCTION

In the first edition of the Wiley Encyclopedia of Medical
Devices and Instrumentation, our friend and colleagueMax
Epstein, Professor Emeritus at Northwestern University,
wrote an excellent article on Fiber Optics in Medicine.
Now, almost 20 years later, applications of fiberoptics in
medicine underwent dramatic changes and expansions.
Thus on Max’s recommendation, this article has been
updated and rewritten for the application of fiber optics
in medicine for the second edition while keeping, where it
was appropriate, the original text.

For a long time optical fibers in medicine have been
primarily used in endoscopy, where they have been
employed for transmission of illumination to the distal
end of the fiberoptic endoscope and for conveying images
for the visualization of otherwise inaccessible organs and
tissues. However, in the past 20 years, the science of
biomedical optics of the light–tissue interaction has been
dramatically advanced. The newmethods of imaging, often
based on substantial utilization of the optical fibers, for
example, optical coherence tomography (OCT) and fiber-
based confocal microscopy have been introduced. Also, the
new methods of the diagnostics employing various spectro-
scopic techniques, for example reflectance spectroscopy,
light scattering spectroscopy (LSS), fluorescence spectro-
scopy, and Raman spectroscopy have been developed. To be
useful in the diagnosis of tissue in the lumens of the human
body, these methods utilize fiber-based catheters. Photo-
therapy and diagnoses of internal organs also require
optical fiber catheters.

The goal of this article is to give the reader basic tools
necessary to understand principles of biomedical fiber
optics and its applications. In addition to diagnostic, imag-
ing, and therapeutic applications that are described in this
article, optical fibers have been employed in a number of
biomedical applications, for example, laser surgery and
fiber-based transducers for monitoring physiologically
important parameters (temperature, pressure, oxygen
saturation, blood flow). All those subjects have been cov-
ered in detail in the dedicated articles of this encyclopedia.

The structure of this article is the following. The first
section provides general physical and engineering principles
of fiber optics needed to understand the rest of the article. It
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discusses thephysics of total internal reflectionand through-
put, fiber propagation modes, optical fiber construction, and
types of fibers. The next section provides the reader with
the review of illumination applications of fibers in medi-
cine. The third section discusses the diagnostic applications
of the biomedical fibers, including imagingand spectroscopy.
The last section reviews therapeutic applications of fibers.
GENERAL PRINCIPLES OF FIBER OPTICS

The Physics of Fiber Optics: Total Internal Reflection

For almost 400 years, it has been well known from classical
optics that when light enters a medium with a lower
refractive index it bends away from the imaginary line
perpendicular to the surface of themedium.However, if the
angle of incidence is sufficiently large, the angle in the
medium with lower refractive index can reach 908. Since
the maximum possible angle of refraction is 908, the light
with higher angles of incidence would not enter the second
medium and will be reflected entirely back in the medium
fromwhich it was coming. This particular angle is called the
critical angle and the effect is called total internal reflection.

The effect of total internal reflection that makes an
optical fiber possible is depicted in Fig. 1. The light in an
optical fiber propagates through the medium with high
refractive index, which is called core (usually the silica
glass). The core is surrounded by another medium with
lower refractive index, which is called cladding (usually
another type of the silica glass). If light reaches the core–
cladding interface with an incident angle higher than the
critical angle it will be entirely reflected back into the
optical fiber. However, if light reaches the core–cladding
in terface with an incident angle lower than the critical
angle, it will leave the core and will be lost. Thus, optical
fibers can propagate light only at a certain angular com-
position, which depends on the critical angle of the core–
cladding interface and thus on the refractive indexes of the
core and the cladding.
Figure 1. Total internal reflection confines light within optical
fibers. (From The Basics Of Fiber Optic Cable, ARC Electronics.)
Light, being continuously reflected from the core–
cladding interface, can propagate very far through an
optical fiber, even if the fiber is bent or is placed in a highly
absorptive medium. However, if the fiber is bent too much
some of the light can escape the core of the fiber. Other
sources of losses are impurities in the glass. Typical optical
fiber has 50–60% losses per kilometer of its length.

Throughput

There is a limit on how much light an optical fiber can
transmit. Intuitively, it should be limited by an acceptance
angle of a fiber and its area. This rule is often formulated as
a conservation of throughput principle, which is a very
general principle in optics.

For a given aperture in an optical system, the through-
put T is defined by

T ¼ SðNAÞ2

where S is the area of the aperture, and NA is numerical
aperture of the optical element equal to the sine of the
maximum divergence angle of radiation passing through
the aperture (1). Conservation of throughput says that it
can be no greater than the lowest throughput of any
aperture in the system (2). It is very important to take
the throughput of the fiber into consideration when one
calculates the power, which can pass through the fiber.

Propagation Modes

By solving Maxwell’s equations for an optical fiber one can
find various patterns of the electromagnetic field inside the
fiber. Those patterns are modes of the fiber. There are two
main types of an optical fiber. The fiber can be either single
mode ormultimode (see Fig. 2). The difference between these
types is the number of modes that the fiber can propagate.

A single-mode fiber is a fiber through which only one
mode can propagate. Usually, a single-mode fiber has a
very small core, �5–10mm in diameter. Due to their size
and also because of their small NA, these fibers have a very
small throughput. In medicine, such fibers are used, for
example, in confocal microscopy because of the requirement
for the small core diameter of the fiber tip (see the section
Fiber-Based Confocal Microscopy) and OCT. However, in
OCT they are used not for their size, but because the
coherence of the light pulse is critical for OCT towork (this
is described in detail in the section Optical Coherence
Tomography characterization of flexible imaging fiber
Bundles).
Figure 2. Types of fibers. (From Basic Principles of Fiber Optics,
Corning Incorporated # 2005.)
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Figure 3. Fiber components. (From Basic Principles of Fiber
Optics, Corning Incorporated # 2005.)
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Figure 4. Transmission ranges of materials used for fibers (From
Ref. 3)
The core of the multimode fiber can be much larger,
somewhere between 50 and 1500mm in diameter. These
fibers are ideal for light delivery and collection, and are
used in medicine when the throughput is important (see
the Section Spectroscopy).

In addition to the single-mode and multimode fibers,
there is another important type, that is, a polarization-
maintaining fiber. The polarization-maintaining capability
of a fiber is provided by the induced birefringence in the
core of the fiber. This birefringence causes the polarization
in these fibers to remain in the axis that it was launched
into the fiber and is not changing randomly as in the
regular fiber.

There are twomain types of the polarization-maintaining
fibers: one with the geometrical birefringence and another
with the stress-induced birefringence. Geometrical bire-
fringence is created by the elliptically shaped core. The
stress-induced birefringence is created by using two stress
rods as a core.

In the application where fibers are exposed to the phy-
sical stress and temperature changes, the former type is
used mostly since it maintains its polarization.

Optical Fiber Construction

Optical fiber consists of three main components: core,
cladding, and coating as shown in Fig. 3. The fiber is
constructed by drawing a solid glass rod in a high purity
graphite furnace. The rod consists of a core with high
refractive index inside a low refractive index cladding.
Thus both core and cladding are produced from a single
piece of glass.

After core and cladding are formed, the protective coat-
ing is applied to the fiber. This protective coating is called a
jacket and it guarantees that the fiber is protected from the
outside environment.

Types of Fibers

Transmission ranges of materials used for fibers are shown
in Fig. 4 (3). Most lasers operate in the range from 300 to
2500nm, where silica fibers have the best overall proper-
ties and thus are commonly used.

Ultraviolet, Visible, and Near-Infrared Fibers. Ultravio-
let(UV), visible, and near-infrared (NIR) light spans the
range from 200nm to 2.5mm. Visible and near-IR light
propagates in the silica-based fibers with practically no
losses due to the low absorption of the order of tenths of
percent per meter. In the IR range (wavelength >2.4mm)
and UV (wavelength <400nm) absorption is higher. The
silica-based fiber absorption is caused primarily by hydro-
xyl radicals (OH), and thus is determined by OH concen-
tration resulting from the presence of free water during the
fiber production. Low OH concentration determines excel-
lent transmission of these fibers in the NIR range up to
2.4mm. At wavelengths longer than 2.5mm, the absorption
of silica limits the use of silica fibers. In the UV range, most
of the silica fibers are usable down to 300 nm, particular the
fibers with a high OH concentration. For shorter wave-
lengths fibers with both core and cladding made of silica,
silica–silica fibers are used.

For applications in wavelengths<230nm, special atten-
tion should be paid to the solarization effect caused by the
exposure to the deep UV light. The solarization effect is
induced by the formation of ‘‘color centers’’ with an absor-
bance at the wavelength of 214nm. These color centers are
formed when impurities (like Cl) exist in the core and
cladding fiber materials, and form unbound electron pairs
in the Si atom, which are affected by the deepUV radiation.
Recently, solarization resistant fibers have been developed.
It consist of a silica core, surrounded by silica cladding that
is coated in aluminum, which prevents the optical fiber
from solarizing. The fiber preform (a high grade silica rod
used to make the fiber) is hydrogen loaded in a hydrogen-
rich environment that helps to heal the silicone–oxygen
bonds broken down by UV radiation.

As far as power-handling capability is concerned, the
typical glass optical fiber is quite adequate in applications
where the laser beam energy is delivered continuously or in
relatively long pulses such that the peak power in the
optical fiber does not exceed power densities of several
megawatts per square millimeter. When the laser energy
is delivered in very short pulses, however, even a moderate
energy per pulse may result in unacceptable levels of-peak
power. Such may be the case of Nd-YAG lasers, operating
in mode-locked or Q-switched configurations, which pro-
duce laser beam energy in the form of pulses of nanosecond
duration or less. On the other hand, excimer lasers, which
are attractive in a number of applications (4), generate
energy in the UV range of the spectrum (200–400nm) in
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very short pulses; they, therefore, require solarization-
resistant silica–silica fibers, which can transmit light en
ergy at such short wavelengths and, at the same time,
carry the high power densities.

The limitation on power-handling capability of a glass
optical fiber is due to several nonlinear effects, for example,
Raman and Brillouin scattering (5), avalanche breakdown
(6), and self-focusing (7). Stimulated Raman scattering,
which occurs when, because of molecular vibrations, a
photon of one wavelength, say that of the laser, is absorbed
and a photon of another wavelength, known as a Stoke’s
photon, is emitted, has been observed at power densities of
6MW�mm�2. The time varying electric field of the laser
beam generates, by electrostriction, an acoustic wave,
which in turn modulates the refractive index of the med-
ium and gives rise to Brillouin scattering. Thus, Brillouin
scattering is analogous to stimulated Raman scattering
wherein the acoustic waves play the same role as the
molecular vibrations. Although the Brillouin gain is higher
than the one measured for the stimulated Raman scatter-
ing, the latter is usually the dominant process in multi-
mode fibers (8).

Under the influence of an intense electromagnetic field,
free electrons, which may exist in the optical fiber as a
result of ionized impurities, metallic inclusions, back-
ground radiation, or multiphoton ionization, are acceler
ated to energies high enough to cause impact ionization
within the medium. If the rate of electron production
due to ionization exceeds the electron loss by diffusion
out of the region, by trapping, or by recombination, then
an avalanche breakdown may occur, resulting in
material damage. If high enough power densities
(>100MW�mm�2) are applied to the fiber core, avalanche
breakdown is the main mechanism of permanent damage
to the optical fiber. The fiber surface should be polished and
chemically processed with great care to avoid reduction in
the damage threshold level of the fiber surfaces. The latter
is usually lower by two orders ofmagnitude than that of the
bulk material as a result of the presence of foreign materi-
als embedded during improper polishing or because of
mechanical defects. The threshold of induced Raman and
Brillouin scattering and avalanche breakdown can be
further substantially reduced by self-focusing of the laser
beam. Self-focusing may occur when the refractive index
of the nonlinear medium increases with beam intensity.
The possible physical mechanisms involved are vibration,
reorientation, and redistribution of molecules, electrostric-
tive deformation of electronic clouds, heating, and so on.
Thus, a laser beam with a transverse Gaussian profile
causes an increase in the refraction index in the central
portion of its path of propagation, and becomes focused
toward the center. Self-focusing is counteracted by the
diffraction of the beam and the balancing effects of the
two determine the threshold of power that causes self-
focusing; for glass it was found to be �4MW. Damage to
optical fibers can also occur if a pulsed-laser beam is not
properly aligned with the entrance face of the fiber (8,9).

IR Fibers. For the IR region beyond 2500nm, materials
other than silica are being used. These IR fibers can be
classified into three categories: IR glasses fibers, crystal-
line fibers, and hollow fibers (10,11). Fluorozirconate and
fluoroaluminate glass fibers can be used in the 0.5–4.5mm
region. Commercially, they are produced in diameters from
100 to 400mm. Because of their low melting point, they
cannot be used>150 8C; however, they have a high damage
threshold. The refractive index is similar to silica (�1.5)
and the transmission is >95% for several meters. For
longer wavelengths (4–11mm) chalcogenide glass fibers
are available in diameters of 150–500mm. The disadvan-
tage of these fibers is that they are mechanically inferior to
silica fibers and are toxic. They have highFresnel reflection
because of the high refractive index (2.8) and relatively
high absorption; as a result they have low transmission
[losses are several tens of percent per meter (12)].

The crystalline fibers can be better candidates for the
mid-IR range. Sapphire can be grown to a single crystal
with a diameter of 200–400mm, which is strong, hard, and
flexible (13). It can be used up to a wave length of 4mm.
Sapphire, however, has a high index of refraction (1.75),
which produces rather high reflection losses at each sur-
face. Silver halide and thallium halide polycrystalline
alloys (e.g., KRS-13), in contrast, can successfully transmit
even high power CO2 light (14). From these alloys, good
quality fibers are manufactured with high transmission of
a few dB�m�1 and that are insoluble in water, are nontoxic,
and are fairly flexible.

Hollow fibers are built as flexible tubes, which are
hollow inside, that is with air. They transmit light in the
whole IR range with high efficiency (15–17). One type of
these fibers comprises metallic, plastic, or glass tubing that
is coated on the inside with ametallic or dielectric filmwith
a refractive index n>1 (18). Another type has the tubing
coated with a dielectric coating of n<1 for 10.6mm on the
inside of hollow glass (15) or crystalline tubes (19). The
losses are 0.4–7 dB�m�1 depending on the core size. The
losses due to bending are inversely proportional to the core
radius. Power transmissions >100W have been achieved.
The damage threshold for high power densities is com-
parable with that of solid core fibers. It has been reported
that the dielectric-coated metallic hollow fiber is the
most promising candidate for IR laser light transmission.
The standard hollow fiber is 2m in length with an inner
diameter of 0.7mm and has transmission >75% of Er-YAG
or CO2 laser light under practical usage conditions (20).
ILLUMINATION APPLICATIONS

Introduction and Applications

Optical fibers are used for various illumination needs. The
use of fiber optics bundles allows illuminating the desired
area without the problem associated with the presence of
the lamp-based light source.

For example, the fiber bundle brings the visible light to
illuminate the area under examination with the colposcope
and surgical microscope while the light source is placed in
the area not interfering with the physician’s activities.

In endoscopy, the fiber optic bundles are incorporated
into the small diameter flexible cylindrical body of the
endoscope, which is dictated by the necessity to pass
through narrow (<2 cm at the most) pathway of lumens
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Figure 5. Headlight attached to the head bend on the surgeon
head. The light from the lamp is transmitted through the fiber
bundle to the output lens. (From www.luxtec.com.)
of the human body. The fiber optic bundles are used to
bring the light down to the distal end and illuminate the
target tissue, which the physician is examining through
the imaging channel of the endoscopes.

In surgery, especially in microsurgery, dentistry, and so
on fiber optic bundles are used to build a headlight, which
creates bright illumination of the surgery area where the
surgeon eyes are pointed. Here, the fiberoptic illumination
allows mounting the output lens on the headband of the
surgeon and leaving their hands free for the operation (see
Fig. 5). Recent development in the fiber optics flat and
flexible illumination panels (see below) allows bringing the
visible light inside the deep cavities of the human body for
illumination during surgery.

In ophthalmology, early application of fiber optic illu-
mination has included its use as a light source in the
indirect ophthalmoscope. The resulting small light spot
at the distal end of the optical fibers allows for the use
of variable apertures and provides sharply focused and
uniformly illuminated circles of light upon the retina (21).
Fiber optic illuminators are also used in conjunction with
intraocular surgery. Thus a variety of miniature devices
are available for the visualization of the interior of the eye
to provide improved illumination in microsurgery of the
retina and vitreous.

Currently, a number of companies are developing the
‘‘solid-state’’ light based on the light emitting diodes (LED).
The advantages of this type of illumination is that it
produces much less heat and emits in the visible spectral
range thusmaking the illumination fiber bundle less useful
for some a pplications. However, it will take another decade
before this type of the light will become commercially
viable.

In addition to transmitting the light through the fiber
bundle to the target for illumination, the fiber optics often
serves to shape the light in the form most advantages for
the application. For example, in the form of the rigid or
flexible flat panel that can be used during almost any deep
cavity surgery. These fiberoptic panels are made of woven
plastic optical fibers as shown in Fig. 6.
Figure 6. Principle of the fiber optics panels with
the side emission. (Fromwww.lumitex.com.) (a)All
fiber optics illumination bundles, li ght enters the
panel througheachhighlypolishedfiber end.Here,
the computer controlled ‘‘macrobends’’ in the
fibers cause the transmitted light to be emitted
from the sides of the fibers through the cladding.
Precisely engineered construction causesall light
to be emitted uniformly along the length of the
panel. (b) Layers of fiber optic weave are assem-
bled together with double-sided adhesive into as
manyaseight layers.Amylarreflector is laminated
to the back and a clear vinyl top layer is added for
extra durability. For some applications (e.g., LCD
backlighting), a semitransparent diffuser layer is
placed between the top weave layer and the clear
vinyl. The optical fibers extend from the panel in
cable formand are bundled into a brass ferrule and
highly polished. These ferrules are then connected
to a remote light source.
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Requirements for Illumination Fibers

A thin optical fiber is obtained by drawing in a furnace a
glass rod inside glass tubing, which together form the high
refractive index core and the low refractive index cladding,
respectively. The core material usually used for the illu-
mination fibers is silica, which, as was discussed earlier, is
the best material for the visible spectral range. When
drawn to a core diameter of 25mm or less, the optical fiber
is quite flexible, allowing for bending radii of <1 cm.

Light Sources Used with Illumination Fibers. The light
sources for the fiberoptic illuminators are tungsten or
quartz halogen projection lamps, mercury or xenon high
pressure arc in quartz glass enclosures, and metal halide
lamps. Color temperatures of tungsten sources vary
between 2800 and 3500K, which is a low color temperature
with the illumination appearing yellow. Arc and halide
lamps are used in the commercially available illuminators
and provide light at the color temperature of �5400K.

These light sources are a black body type radiator, thus
they radiate into the sphere, that is, solid angle of 4p
steradian and the amount of the output light they emit
is almost proportional to the emitting body (filament, for
the tungsten lamps, and arc, for other types). Thus they
have the emitting body of >1mm2 for the arc lamp and
much greater for the tungsten and quartz halogen lamps.

Coupling Efficiency. The fact that the light source
radiates in 4p steradian from the emitting body lead to
requirements that the optical fibers used for the illumina-
tion have a high aperture and sufficient cross-section. To
transmit the required illumination through the bundle and
keep the fibers flexible, the conventional practice is to
gather a lot of thin flexible fibers into a bundle, with the
ends bound and polished. This bundle is almost as flexible
as the single fiber. The fibers in the ends of the illumination
fiber bundles are arranged at random and these bundles
are called incoherent . This organization of the fibers in a
bundle, in addition to being inexpensive to assemble, is also
sometimes useful to provide uniform illumination at the
output end.

Various schemes have been employed to maximize the
light intensity delivered from the source to the fiber or fiber
bundle and to obtain uniform illumination at the distal end
of the fiber. For example, a special reflecting mirror, in the
form of an ellipsoid of revolution, has the light source and
the fiber input at the focal points with the major axis of the
ellipsoid at an angle to the receiving fiber. However, note
that light lamp sources, as opposed to lasers, could not be
focused or concentrated onto areas smaller than their
emitting body without considerable loss of the luminous
flux. This follows from the fundamental relationship in
radiometry, which states that the radiance of an image
cannot exceed that of an object for the case when both
lie in a medium with the same index of refraction (22).
Consequently, the optimum illumination from an optical
fiber is obtained when the image of the source completely
fills the entry face of the fiber and the cone of light forming
this image is equal to the numerical aperture of the
fiber. In some cases, when the light source consists of a
filament, the use of reflectors increases the effective area
of the source by redirecting light rays through the voids in
the filament.

Removal of Heat, UV, and IR Radiation. All lamps
produce heat directly or by absorption of light in the visible
to IR spectral ranges. Also, the UV radiation portion of the
spectrum may be hazardous to the eyes and illuminated
tissue. The high intensity light sources needed to deliver
adequate illumination to and through the optical fiber cause
the latter to become very hot. In the case of fiber bundles,
the heat generated at the proximal end of the fibers
requires that they not be bonded with epoxy, but instead
be fused together. In some cases this may also apply to the
distal end if enough heat is conducted through the fiber or
is generated by absorption of light in the fiber. Of course,
this is highly undesirable and should be avoided. After all,
one of the main objectives of the use of illumination fibers
is to keep the heat of the light source away from the area
being illuminated. Indeed, the early applications of optical
fibers were referred to as ‘‘cold-light’’ illumination. Special
provisions must, therefore, be made to dissipate and divert
large amounts of heat. Most light sources utilize dichroic
reflectors and/or heat filters to block the heat from reaching
the fiber.

Transmission. The light propagating through the opti-
cal fiber is attenuated by bulk absorption and scattering
losses. These losses vary with the wavelength of light and
are usually higher at short wavelengths, that is, the blue
end of the visible spectrum of 400–700nm. In most illumi-
nation applications, the typical length of the fibers does not
exceed 2m and thus the attenuation of light due to absorp-
tion is of no consequence. Antireflection coating can reduce
Fresnel losses due to reflection at the end faces of the fiber.

The faithful rendition of color in viewing depends on the
spectral content of the light illumination. This is of parti-
cular significance in medicine where the diagnosis of dis-
ease is often determined by the appearance and color of
organs and tissue. Hence, optical fibers made of plastic
materials, for example, polystyrene for the core and Lucite,
polymethylene methacrylate (PMMA), for the cladding,
despite their flexibility and low cost, do not find extensive
use as illumination fibers.
DIAGNOSTIC APPLICATIONS

Introduction

One of the earliest applications of optical fiber in medicine
were in imaging. The bundle of the optical fibers has been
used to transmit image from the distal to the proximal end,
where the physician could see the image of the target tissue
in real time. The device using this technique is known as
an endoscope. The endoscopes are used widely in current
medical practice for imaging of lumens in the human
body.

In the past 20 years, many new diagnostic applications
of fiber optics have appeared as a result of the develop-
ments in biomedical optics (23). Most all of them utilize a
single or a few fibers. Some of them, for example OCT (24)
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and confocal imaging (CI) (25) use scanning to produce the
images of the lateral or axial cross-sections of the body.
Others are utilizing the spectroscopic differentiation of the
tissue, using natural (23) or man-made markers (26).
Among these techniques, fluorescence (23), reflectance
(23), light scattering, and Raman spectroscopic methods
(27) are most promising and thus most developed.

Another new area for the application of fiber optics in
medicine is the fiberoptic biosensor (FOBS). This is a
sensor consisting of optical fiber with a light source and
detector and an integrated biological component that
provides the selective reaction to the biochemical condi-
tions of the tissue and body fluids. These sensors have been
applied for glucose and blood gas measurements, catheter-
based oximetry, billirubin, and so on. The detailed
discussion about the principle and applications of these
sensors is in ‘‘Optical Sensors’’ article of this encyclopedia.

Imaging

Endoscopy. The word endoscopy derives from two
Greek words meaning ‘‘inside’’ and ‘‘viewing’’. Its use is
limited to applications in medicine and is concerned with
visualization of organs and tissue by passing the instru-
ment through natural openings and cavities in the human
body or through the skin, that is percutaneously. The
endoscope has become an important and versatile tool in
medicine. It provides a greater flexibility than it is possible
with instruments that consist of a train of optical lenses,
and transmits illumination to the distal end of the probe.
The greater flexibility of the flexible endoscope enables the
visualization around corners and the eliminati on of ‘‘blind
areas’’ obtained with the rigid instrument. It should be
noted that optical fibers are used to deliver illumination
light in rigid endoscopes that in some cases may employ
lenses for image transmission.

Endoscopes, which utilize optical fibers to transmit the
image from the distal to the proximal end, are often called
fiberscopes to differentiate them from the video or electro-
nic endoscopes where a semiconductor imager is placed at
the distal end and the image is transmitted electronically.
Progress in the production of the relatively inexpensive
high quality miniature semiconductor imagers based on
Charge CoupledDevice (CCD) technology andComplemen-
tary Metal Oxide Semiconductor (CMOS) led to the devel-
opment of the high quality electronic (video) endoscopes.
Currently, most of the endoscope vendors produce such
endoscopes. It appears that these video endoscopes produce
higher quality images with considerably higher magnifica-
tion (28) and are replacing the fiberscopes where it is prac
tical (29–31). However, a large number of fiberscopes are
still used in the clinics and new fiberscopes are being sold
(e.g., seewww.olympusamerica.com).Moreover, in the areas
that require thin and ultrathin endoscopes of<2–4mm (32),
fiberscopes are still the only practical solutions. The general
discussion on endoscopy, its features, and applications is
presented in the Endoscopy article. This article will pri-
marily discuss fiberscopes.

In addition to the imaging and illumination channels, a
typical endoscope includes channels to accommodate tools
for biopsy to aspirate liquids from the region being
inspected, and to inflate the cavity or to inject clear fluids
to allow for better visualization. The overall dimensions of
such instruments vary between 5 and 16mm in diameter,
the thinner versions being smaller andmore versatile than
the corresponding rigid systems. The fiberscope can be
made as long as nece ssary, since the light losses in most
fibers made of glass cores and cladding are tolerable over
distances of up to several meters. These images can be
recorded using film, analog and digital still, and video
cameras.

Most of the fiberscopes use similar optical structures
and vary mainly in length, total diameter, maneuverabil-
ity, and accessories, for example, biopsy forceps. The dia-
meter of the individual glass fibers in the image-conveying
aligned bundle are made as small as possible limited only
by the wavelength of the light to be transmitted. In prac-
tical applications, the diameter is ranging from 2 to 15mm.
Moreover, if the fibers are densely packed, cross-talk pro-
blems may arise due to the evanescent electromagnetic
field (light waves) in each individual fiber (33).

A variety of fiberscopes have been developed, each with
features that are best suited for specific applications.

Transmission of Images Through Optical Fibers. As
shown in the section General Principles of Fiber Optics,
an optical fiber cannot usually transmit images. However,
a flexible bundle of thin optical fibers (obviously, with silica
core) can be constructed in a manner that does allow for
the transmission of images. If the individual fibers in the
bundle are aligned with respect to each other, each optical
fiber can transmit the intensity and color of one object
point. This type of fiber bundles is usually called a ‘‘coher-
ent’’ or ‘‘aligned’’ bundle. The resulting array of aligned
fibers then conveys a halftone image of the viewed object,
which is in contact with the entrance face of the fiber
array. To obtain the image of objects that are at a distance
from and larger than the imaging bundle, or imaging
guide, it is necessary to use a distal lens or lens system
that images the distal object onto the entrance face of the
aligned fiberoptic bundle. The halftone screen-like image
formed on the proximal or exit face of a bundle of aligned
fibers can be viewed throughmagnifying systems or on the
video monitor if this exit face is projected onto the video
camera.

Fabrication of Flexible Imaging Bundles. The fabrication
of flexible imaging bundles involves winding of the optical
fibers on a highly polished and uniform cylinder or drum,
with the circumference of the latter determining the length
of the imaging structure. The aligned fibers can be wound
directly from the fiber-drawing furnace or a separate spool
of individual fibers.When the entire bundle is obtained in a
single winding process, similar to a coil, an overhang of
fibers wound on the outer layers develops after the struc-
ture is removed from the winding cylinder. Such overhang
can be eliminated by winding single or a small number of
layers and cutting them into strips to form the aligned
fiber bundle. This process, although more laborious, usually
renders better uniformity in the imaging bundles. Some
users find the evenness of the fiber arrangement distracting
and prefer the irregular structure. This may be compared
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Figure 7. Image transmission of two opaque stripes from (a)
distal end to (b) proximal face of an imaging fiber optics bundle.
with the viewing of a television image wherein the hor-
izontal line scan has accentuated by imperfect interlacing.
In either method, the diameter of the fibers is on the order
of 10mm, which is thinner than hair or about the size of a
strand in a cottonball, and must therefore be soaked in
binding epoxy during the winding process. When the com-
pleted imaging bundle is cut and remove d from the drum,
its ends are bound to secure the alignment and the epoxy is
removed along the structure to let the individual fibers
remain loose, and thus flexible. A flexible imaging bundle
can also be obtained by first drawing a rigid preform made
up of individual optical fibers, each with a double coating,
where the outer cladding is chosen to be selectively etched
afterwards. Such a structure has nearly perfect alignment,
sin ce the preform can be constructed of fibers thick enough
to allow parallel arrangement and the individual fibers in
the drawn bundle are fused together without any voids be
tween them. Moreover, such fabrication technique, as com-
pared with the windingmethod, is far less expensive since it
permits batch processing.

The size of the imaging bundle varies from 1 to 2mm in
diameter for miniature endoscopes, for example, angio-
scopes or pediatric bronchoscopes, where the fiberscopes
are currently primarily utilized, to 6mm in diameter for
large colonoscopes, and lengths exceeding 2m. Large ima-
ging bundles may consist of as many as 100,000 individual
fibers (28), each fiber providing one point of resolution or
pixel. For such large numbers of fibers, it is often necessary
to fabricate the final device by draw ing first fiber bundles
containing a smaller number of fibers and then joining
them together to form a larger structure.

Characterization of Flexible Imaging Fiber Bundles. The
resolution attainable with a perfectly aligned fiberoptic
imaging structure is determined by the fiber diameter.
For a hexagonal configuration, the resolution in optical
line pairs per millimeter is, at best, equal to, and usually
slightly<1/2d, where d is the fiber diameter inmillimeters.
Figure 7 shows a cross-section of an imaging bundle of
fibers aligned in a closely packed hexagonal pattern, i.e.,
each fiber has six closest neighbors. In Fig. 7a are shown
two opaque stripes separated by a distance equal to their
width, which are placed at the distal end of an entrance
face of the imaging bundle. When this end is illuminated,
the corresponding fibers at the output or proximal exit end
of the bundle will be either partially or totally darkened,
depending on the relative location of the opaque stripes
with respect to the fiber pattern. In Fig. 7b, the partially
illuminated fibers indicate that the smallest resolvable
separation of the two stripes is equal to twice the fiber
diameter. In practice, the packing of the fiber bundle is
often not perfect, leaving spaces between the fibers; thus,
the line resolution is further reduced and is usually <1/2d.
For a typical imaging bundle in endoscopy, the diameter
of the individual fiber is �10mm and, therefore, the
resolution is better than 50 line-pairs�mm�1. This resolu-
tion is considerably poorer than in most lens systems.

The line resolution for the hexagonally aligned imaging
bundle does depend on the orientation of the stripes (Fig. 7).
Thus, for an orientation different from that shown in Fig. 7,
the line resolution may be somewhat different from that
obtained. The spatial variance of the image transfer prop-
erties of imaging bundle has led to the use of averaging
techniques in the evaluation of their limits of image reso-
lution (34). The modulation-transfer function (MTF) of
an imaging bundle is the contrast response at its exit face
to a sinusoidal test pattern of varying spatial periodicity
imaged onto the input or entrance face. The fabrication of
an imaging bundle may result in the misalignment or
deviation from perfect alignment of the adjacent fibers.
A method of evaluation of the image-conveying properties
of practical imaging bundles has been developed (35),
which takes into account the fact that the arrangement
of the fibers may differ at the input and output faces of the
imaging bundle. It also uses a statistical approach in
determining an average modulation-transfer function.
The aligned fiber bundle exhibits a mosaic pattern that
represents the boundaries of the individual fibers and that
appears superimposed on the viewed image. Hence, the
viewer sees the image as if through a screen or mesh. Any
broken fiber in the imaging bundle appears as a dark spot.
In some applications, these two features can be very annoy-
ing and distracting, although most medical practitioners
have become accustomed to these peculiarities and have
learned to discount them. In some sense, it is comparable to
viewing through a window with a wire screen, which in
most cases is unnoticed.

Rigid Imaging Bundles. Fiberoptics bundles composed of
individual optical fibers far smaller than those described
earlier can be obtained by drawing the entire assembly in
the furnace in a manner that preserves their alignment.
This method is similar to that employed in the preparation
of flexible imaging structures by etching a double-clad
rigid imaging bundle. However, since the fibers become
fused together during the drawing process, the structure
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Figure 8. Cross-section of the imaging bundle.
remains a rigid solid-glass rod. A segment of a cross-section
of such an imaging bundle, which is 0.5mm in diameter and
contains 11,000 fibers, each 4.2mm in diameter, is shown in
Fig. 8. The honeycomb pattern represents the boundaries of
the individual fibers and is superimposed on the image,
similar to the flexible fiberoptic imaging bundle.

Fiber-Based Confocal Microscopy. Confocal imaging (CI)
is based on illuminating a single point on the sample and
collecting scattered light from the same single point of the
sample (Fig. 9a). The illumination point on the sample is
the image of the illumination pinhole and is imaged into
the detector pinhole, thus making both pinholes and the
illuminated spot on the sample optically conjugated. In this
way, stray light from points outside the collection volume is
effectively filtered, improving contrast, particularly for
scattering media, for examples, biological tissues. Scann-
ing the position of this point on the sample and acquiring
the signal from each position creates a lateral image of the
sample. For axial cross-sectional imaging, the focal point
on the sample is axially moved while acquiring the signal
from each position. Combining both lateral and axial
scans provides a perpendicular cross-sectional image of
the tissue. The nature of the signal from the illuminated
point depends on the specific embodiment. Either back-
scattered or fluorescent signals are most often used for CI;
however, other signals have been collected and proven
clinically useful.

Both pinholes contribute to depth sectioning ability. The
source pinhole causes the illuminating irradiance to be
strongly peaked at the image formed by the objective and to
fall off rapidly both transversely and along the line of sight
(depth). There is, therefore, very little light available to
illuminate out-of-focus volumes. This implies that these
volumes will not significantly mask the image of the more
brightly illuminated focal region. The detector pinhole acts
similarly. It is most efficient in gathering the radiation
from the volume at the focal point, and its efficiency falls off
rapidly with distance, both transversely and in depth.
Together they assure that the totality of the out-of-focus
signal is strongly rejected.

Confocal imaging provides enhanced lateral and axial
resolutions and improved rejection of light from the out-of–
focus tissue. As a result, the confocal imaging (CI) can
achieve a resolution sufficient for imaging cells to depths of
several hundreds of microns. At these depths, CI has been
especially helpful in imaging the epithelium of many
organs, including internal organs via endoscopic access.
Images displayed by the CI system are similar to images of
histopathology slides under high resolution conventional
microscope, thus, are familiar to the physicians.

The fiberoptical confocal microscope has been intro-
duced in late 1980s and early 1990s (see, e.g., Ref. 37).
In this kind of the CI microscope, the light source is not a
point source, but the tip of an optical fiber, and the signal is
collected by another optical fiber that delivers the signal to
a detector. This makes the CI system compact and thus
convenient in numerous biomedical applications.

There are a variety of optical systems and scanning
arrangements, which allows for optimization of the CI
device for the required image and particular clinical appli-
cation (25). For example, the scanning can be or ganized by
moving the fiber tips, especially, when the common fiber
is used for the illumination and detection as shown in
Fig. 10b, or by moving the objective lens or by placing in
Figure 9. Confocal microscopy. (a)
Principle of confocal arrangement.
(From MPE Tutorial, Coherent
Incorporated # 2000.) (b) Possible
implementation of fiber-based con-
focal microscope (36).



310 FIBER OPTICS IN MEDICINE

Figure 10. Optical coherence tomography (OCT). (a) Principle of OCT (From Wikipedia.org).
(b) Possible implementation of fiber-based OCT (38).
the pinhole plane an output face of coherent fiber bundle
and scanning anmage of a pinhole at the entrance end of it.

The CI system can provide a cellular level resolution: A
lateral integrated image of tissue (similar to C-scan ima-
ging), a lateral cross-sectional image at the desirable depth
of tissue, a perpendicular-to-the-surface cross-sectional
image of the tissue (similar to B-scan imaging), and a
combination of the above images, thus a three-dimensional
(3D) image of tissue. In each case, the CI system could be
optimized to achieve the best overall performance while
utilizing the same basic platform. The application of the CI
imaging has been successfully demonstrated in diagnostics
of intraepithelial neoplasia and cancer of the colon (39). It
is reasonable to envision that the CI-based endoscope will
be used for the screening of Barrett’s esophagus and cancer
and other areas of the upper GI tract. It appears that there
is potential for application of the CI device combined with
one of the scattering-based spectroscopies for the vulner-
able plaque screening and triage.

The optical fibers used for the CI application are usually
a singlemode type because of the requirement for the small
core diameter of the fiber tip as discussed above.

Optical Coherence Tomography. Optical coherence
tomography is a relatively new technology and has been
developed and investigated for the past 15 years (38). It
uses the wave property of light called coherence to perform
ranging and cross-sectional imaging. In OCT systems, a
light beam from a light source is split into a reference light
beam and a sample light beam (see Fig. 10a). The sample
light beam is direct ed onto a point on the sample and
the light scattered from the sample is combined w ith the
reference light beam. The combined reference and sample
light beams interfere if the difference of their optical paths
is less than the coherence length. The reference and the
collected sample beam are mixed in a photodetector, which
detects the interference signal. The light source used in
OCT has a low coherence length so that only the light s
cattered from the samplewithin the close proximity around
a certain depth will satisfy this condition. The strength of
the interference signal corresponds to the scattering
around this depth. To acquire the signal from another
depth in the sample the optical pa th of one of the beams
is changed so that the same condition is now satisfied by
the li ght scattered from another depth of the sample. The
component of the OCT system providing this change is
called an optical delay line. By sequentially changing the
optical path of one of the beams and processing the photo-
detector output, a cross sectional image of the sample is
generated. By laterally moving the sample beam along the
sample provides a perpendicular cross-sectional image of
the sample. The OCT image is similar to high frequency
ultrasound B-scan images.

Usually a moving mirror in the optical path of one of the
beams performs the continuous scan of the optical path.
The shortest coherence length of available light sources
allows theOCT systems to achieve a depth resolution higher
than in high frequency ultrasound imagers, but lower than
in confocal imaging. As a direct correlate, the depth
penetration of OCT systems is lower than for the high
frequency ultrasound imagers and higher than the confocal
imaging. These parameters make OCT a useful technology
in the biological and medical examinations and procedures
that require good resolutions to 2mm depths.

The OTC systems utilizing the fiberoptic components
aremost often used (Fig. 10b). These systems are compact,
portable, and modular in design. The sample arm of the
OCT can contain a variety of beam-delivery options
including fiberoptic radial- and linear-scanning cathe-
ter-probes for clinical endoscopic imaging. The aiming
beam is used so that the clinicians could see the location
on the tissue where the OCT catheter is acquiring image.
The optical fiber based OCT systems require using single
mode fibers in both reference and sample arms to keep the
coherence of the light guided by the fiber. In some cases,
when the OCT system is using the polarization properties
of the light, it must utilize the polarization-maintaining
fibers.

There is a variety of OCT optical systems and scanning
arrangements, which provide room for optimization of the
OCT device for the specific clinical application. Recently,
several system modifications of the basic OCT have been
reported; for example, Fourier transform OCT (40,41), spec-
troscopic OCT (42), and polarization OCT (43). Some of
them appear to promise practical OCT systems with higher
data acquisition rates, higher resolution (comparable with
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Figure 11. Configuration of fibers in a typical reflectance and
fluorescence optical probe. Probe contains six fibers for light
collection arranged in a circle around the central fiber.

Figure 12. Schematic diagram of the LSS system (59).
the resolution of CI), better noise immunity, or capabilities
to acquire additional information on tissue.

In the endoscopic applications, the sample arm fiber is
designed as a probe that goes through the endoscope to the
target tissue. There are a number of OCT probes developed
and suggested designs (44–54) that provide room for opti-
mization of the OCT device for the specific clinical appli-
cation. A number of successful clinical studies have been
carried out demonstrating the clinical applicability of the
endoscopic fiber OCT technique for clinical imaging, for
example, for imaging of Barrett’s esophagus (54) and eso-
phageal cancer (55), bile duct (56), and colon cancer (55).

Spectroscopy

Reflectance and Fluorescence Spectroscopy. Diffuse
reflectance spectroscopy is one of the simplest spectro-
scopic techniques for studying biological tissue. Light
delivered to the tissue surface undergoes multiple elastic
scattering and absorption, and part of it returns as diffuse
reflectance carrying quantitative information about tissue
structure and composition.

This technique can serve as a valuable supplement to
standard histological techniques. Histology entails the
removal, fixation, sectioning, staining, and visual examina-
tion of a tissue sample under themicroscope. Tissue removal
is subject to sampling errors, particularly when the lesions
are not visible to the eye. Also, the multiple-stage sample
preparation process is time-consuming, labor intensive, and
can introduce artifacts that are due to cutting, freezing, and
staining of the tissue.Most importantly, the result is largely
qualitative in nature, even though quantitative information
is available through techniques, for example, morphometry
and DNA multiploidy analysis.

Spectroscopy, in contrast, can provide information in
real time, is not greatly affected by artifacts or sampling
errors, and can provide quantitative information that is
largely free of subjective interpretation. Because it does not
require tissue removal, it can be conveniently used to
examine extended tissue areas.

Usually, light is delivered and collected using an optical
fiber probe that can be advanced through the accessory
channel of the endoscope and brought into contact with
the tissue. The probe can consist of several delivery and
collection fibers. Probably the simplest geometry is a central
optical fiber for light delivery and six fibers for light collec-
tion arranged in a circle around the central fiber. In Zonios
et al. (57), all fibers had a 200mm core diameter and a NA of
0.22, and were packed tightly with no gap between them.
The probe tip was fitted with a quartz shield �1.5mm in
length and in diameter, which provided a fixed delivery and
collection geometry with uniform circular delivery and col-
lection spots in the form of overlapping cones. The tip was
beveled at an angle of 178 to eliminate unwanted specular
reflections from the shield–tissue interface (see Fig. 11).

To extract quantitative properties of tissue collected
with the above probe the model of light transport in tissue
should take into account probe geometry. To find the total
light collected by the probe, diffuse reflectance from a
point source must be integrated over the spatial extent
of the light delivery and collection areas, characterized by
radii rd and rc, respectively. Assuming the incident light
intensity to be uniform over the entire delivery area, the
diffuse reflectance Rp(l) collected by the probe is given
by (57).

RpðlÞ ¼
1

rd2

ðrc
0
rdr

ð2p
0

df

ðrd
0
Rðl; jr� r0jÞr0dr0

where rd and rc are radii of the delivery and collection
spots of the fiber optics diffuse reflectance probe and
R(l,jr�r0j) is diffuse reflectance predicted by the physical
model, which depends on tissue morphological and bio-
chemical composition.

A similar probe (Fig. 11) can be used for fluorescence
spectroscopy measurements. For fluorescence measure-
ments, it is especially important that delivery and collec-
tion signals are delivered over the separate optical fibers.
This is because intense illumination light can easily induce
certain amount of fluorescence in the delivery fiber. This
fluorescence of the fiber is likely to be weak, however,
tissue fluorescence is also very weak. Thus if the delivery
and collecti on fibers coincide, the fluorescence from the
probe itself would significantly perturb the tissue fluores-
cence observed by the instrument. Hence, fluorescence
fiber probes should always have separate delivery and
collection fibers.

Light Scattering Spectroscopy. In addition to the multi-
ply scattered light described by the diffuse reflectance,
there is a single scattering component of the returned
light that contains information about the structure of
the uppermost epithelial cells (58). It has been shown
that light scattering spectroscopy (LSS) (Fig. 12) enables
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Figure 13. Design of the polarized fiber probe (62).
quantitative characterization of some of the most impor-
tant changes in tissues associated with precancerous and
early cancerous transformations, namely, enlargement
and crowding of epithelial cell nuclei (58,60). Typical
nondysplastic epithelial cell nuclei range in size from 4
to 10mm. In contrast, dysplastic and malignant cell nuclei
can be as large as 20mm. Single scattering events from
such particles, which are large compared to the wavelength
of visible light (0.5–1mm), can be described by the Mie
theory. This theory predicts that the scattered light under-
goes small but significant spectral variations. In particu-
lar, the spectrum of scattered light contains a component
that oscillates as a function of wavelength. The frequency
of these oscillations is proportional to the particle size.
Typically, normal nuclei undergo one such os cillation cycle
as the wavelength varies from blue to red, whereas dys-
plastic/malignant nuclei exhibit up to two such oscillatory
cycles. Such spectral features were observed in the white
light directly backscattered from the uppermost epithelial
cell nuclei in human mucosae (60,61).

When the epithelial nuclei are distributed in size, the
resulting signal is a superposition of these single frequency
oscillations, with amplitudes proportional to the number of
particles of each size. Thus, the nuclear size distribution
can be obtained from the amplitude of the inverse Fourier
transform of the oscillatory component of light scattered
from the nuclei. Once the nuclear size distribution is
known, quantitative measures of nuclear enlargement
(shift of the distribution toward larger sizes) and crowding
(increase in area under the distribution) can be obtained.
This information quantifies the key features used by
pathologists in the histological diagnosis of dysplasia
and Carcinoma in situ (CIS), and can be important in
assessingpremalignantandnoninvasivemalignant changes
in biological tissue in situ.

However, single scattering events cannot be directly
observed in tissue in vivo. Only a small portion of the light
incident on the tissue is directly backscattered. The rest
enters the tissue and undergoes multiple scattering
from a variety of tissue constituents, where it becomes
randomized in direction, producing a large background
of diffusely scattered light. Light returned after a single
scattering event must be distinguished from this diffuse
background. This requires special techniques because the
diffusive background itself exhibits prominent spectral
features dominated by the characteristic absorption
bands of hemoglobin and scattering of collagen fibers
(there is abundance of them in the connective tissue
laying below the epithelium). The first technique of diffu-
sive background removal uses a standard reflectance
probe described in the section References and Fluores-
cence Spectroscopy. This technique is based on observa-
tion that the diffuse background is typically responsible
for >95–98% of the total reflectance signal. Therefore,
the diffusive background is responsible for the coarse
features of the reflectance spectra. The diffusion approx-
imation-based model may account for th is component by
fitting to its coarse features. After the model fit is sub-
tracted, the single backscattering component becomes
apparent and can be further analyzed to obtain nuclear size
distribution (58).
Another technique would use a special polarized probe.
One possible implementation of the polarized probe is
described by Utzinger and Richards-Kortum (62) (see
Fig. 13). Recently, similar polarized fiber probe was devel-
oped by OptimumTechnologies, Inc. The working principle
of this probe is based on the fact that initially polarized
light loses its polarization when traversing a turbid med-
ium such as biological tissue. Consider a mucosal tissue
illuminated by linearly polarized light. A small portion of
the incident light will be backscattered by the epithelial
cell nuclei. The rest of the signal diffuses into the under-
lying tissue and is depolarized by multiple scattering. In
contrast, the polarization of the light scattered backward
after a single scattering event is preserved. Thus, by sub-
tracting the unpolarized component of the reflected light,
the contribution due to the backscattering from epithelial
cell nuclei can be readily distinguished. The residual spec-
trum can then be analyzed to extract the size distribution of
the nuclei, their population density, and their refractive
index.

Raman Spectroscopy. Raman spectroscopy is a very
powerful technique, which should be capable of performing
detailed analysis of tissue biochemical composition. How-
ever, in biological tissues the intensity of the Raman signal
is only 10�9–10�11 of the intensity of the incident light.
What make it even worse is the fact that fluorescence
signal excited in tissue by the same incident light is much
higher, �10�3–10�5 of the incident light. And if the signal
is detected by the regular optical fiber probe it will also
overlap with the fluorescence signal originated in the fiber
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Figure 14. Design of the fiber tip of a typical fiber optic probe for
Raman spectroscopy (62).
itself. Hence, development of a reliable biomedical Raman
fiber probe is still a challenge.

In Fig. 14 one can see the design of a Raman fiber optic
probe developed by Visionex Inc. It consists of a central
delivery fiber and seven collection fibers. A bandpass filter
is located in front of the delivery fiber and a longpass filter
in front of the collection fibers. Those filters ensure that no
laser light and fluorescence light originated in the delivery
fiber can enter the collection fiber.
THERAPEUTIC APPLICATIONS

Introduction

In therapeutic application, fibers are used primarily as a
part of light delivery system. Utilization of fibers allows for
flexible and convenient methods of delivering light from
bulky high energy light sources to the diseased location.
Often, using the fiber optics delivery system makes other-
wise inaccessible locations accessible. Variety of applica-
tions, light sources and energy requirements require
different fibers with different features.

Fiber Surgical Applications

Themonochromatic nature of laser beam en ergy, temporal
coherence, and the ability to focus it onto a very small spot
because of its spatial coherence, allow for efficient surgical
methods, for example, tissue cutting or ablation, as well for
the transmission of large amounts of power through a
single optical fiber. This localized energy can be used to
cauterize tissue by evaporation while reducing bleeding by
coagulation. The use of lasers in surgical and other ther-
apeutic applications is most effective when employed in
conjunction with the flexible delivery systems and, in
particular, with laser-beam delivery which is compatible
with the endoscopy. Lasers utilized in medical applications
range in wavelength from vacuum UV (excimer laser at
193nm) to infrared (IR) (CO2 laser at 10.6/11.1mm).

Laser-beam-delivery systems depend on thewavelength
laser energy. At the present time there is no single delivery
system that can be used over the entire range of medical
lasers. The primary design considerations in such systems
are efficiency, maximum power delivered, preservation of
beam quality, and mechanical properties (flexibility,
degrees of freedom, range, size, and weight).

Low efficiency (output power/input power) results in
losses in the delivery system, which, in turn, requires
higher power and thus more expensive lasers. Moreover,
the power lost in the delivery system is generally dissi-
pated as heat, resulting in a temperature rise that causes
damage to the device, leading to a further deterioration of
efficiency or catastrophic failure, Hence, efficiency,
together with heat dissipation, can be considered to be
the limiting factors in maximum power delivery.

A well-designed laser oscillator emits a highly colli-
mated beam of radiation, which can then be focused to a
spot size of just a fewwavelengths, yielding power densities
not achievable with conventional light sources. A useful
delivery system should, therefore, preserve this quality of
the beam as much as possible; otherwise the main advan-
tages of using a laser are lost.

The most desirable flexible system should be easy to
handle mechanically, perform a large variety of tasks, and,
of course, still satisfy the above properties. From amechan-
ical point of view, the ideal laser-beam guide would be an
optical fiber of small cross section and long enough to reach
any site, at any orientation, over a wide range of curva-
tures, through openings and inside complex structures.

The choice of fibers for such system is mainly deter-
mined by the wavelength of the laser (see Fig. 4) and
discussion in the section Types of Fibers.

Most lasers operate in the range of 300–2500nm, where
silica fibers have the best overall properties and, thus, are
commonly used.

Outside this range, there are few wavelengths used
for laser surgery, in IR, 2.94mm of the erbium:YAG laser,
5–6 mm of the CO laser, 10.6/11.1mm of the CO2 laser and
in the UV, the 193 and 248nm of the ArF and KF excimer
lasers, respectively. In the infrared range, silver halide
and sapphire are being used for the fiber core. Also, hollow
fibers have become available for efficient guidance of
infrared light withminimal losses (20,63). In theUV range,
the solarization resistant silica/silica fibers are available
(64) and hollow fibers have been reported recently (16,17).
For pulsed lasers, utilization of fibers can be limited by
the high peak powers, which could damage the fiber; for
example, the peak power of 106 kW�cm�2 is a threshold for
silica. In this case, the flexible arms with reflective sur-
faces have to be used.

As far as power-handling capability is concerned, the
typical glass optical fiber is quite adequate in applications
where the laser beam energy is delivered continuously or in
relatively long pulses such that the peak power in the
optical fiber does not exceed power densities of several
megawatts per square millimeter. When the laser energy
is delivered in very short pulses, however, even a moderate
energy per pulse may result in unacceptable levels of-peak
power. Such may be the case of Nd-YAG lasers, operating
in a mode-locked or Q-switched configuration, which pro-
duces laser beam energy in the form of pulses of nanose-
cond duration or less. On the other hand, excimer lasers,
which are attractive in a number of applications (4),
generate energy in the UV range of the spectrum (200–
400nm) in very short pulses; they, therefore, require
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solarization-resistant silica/silica fibers, which can trans-
mit light energy at such short wavelengths and, at the
same time, carry the high power densities.

For lasers in the IR region beyond 2500nm, fibers made
of materials other than silica are being used as shown in
the section Types of Fibers.

Photodynamic Therapy

Photodynamic therapy utilizes the unique properties of a
substanceknownasphotosensitizer (65).Whenadministered
systemically it is retainedselectivelybycancerous tissue.The
substance is photosensitive and produces two effects: When
excited by light at a photosensitizer-specific wavelengt hit
fluoresces. This effect is used in photodynamic diagnostics.
When irradiated with light, the photosensitizer undergoes a
photochemical reaction, which results in the formation of a
singlet oxygen and the subsequent destruction of the cell
(usually malignant cell) that retained the substance.

In photodynamic diagnostics, since the fluorescence
efficiency of the photosensitizer is low, high intensity
illumination at the photosensitizer-specific wavelength
and high gain imaging systems are required to detect very
small tumors. The excitation is in the spectral range, where
silica fibers have excellent properties thus glass (silica)
fibers are used for delivery of the excitation light.

In order to obtain an effective cure rate in photodynamic
therapy, it is essential that the optical fibers, which deliver
the light energy to the tumor site, provide uniform light
distribution. Since an optical fiber, even if uniformly irra-
diated, yields a nonuniform output light distribution, it is
necessary to employ special beam shapers at the exit face of
the fiber (66). The specifics of the fiber used for the delivery
is determined by the absorption wavelength of the selected
photosensitizer, the laser power and mode of operation,
and the site being treated. These are the same considera-
tion as in the fiber delivery for the laser surgery as dis-
cussed in the section Surgical Application of Fibers.

It is noteworthy that the illumination in photodynamic
therapy does not require that it be obtained with coherent
light. The only reason that lasers are used is that unlike
conventional light sources, spatially coherent radiation can
be efficiently focused onto and transmitted through a small
diameter fiber. Light emitting diodes are often used as a
compromise between efficient but expensive lasers and
inexpensive and inefficient conventional light sources.

The application of photodynamic therapy in oncology
has been investigated over the past 25 years. It appears
that this modality is being used more often now (67) for
variety of cutaneous and subcutaneous tumors.
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