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. Water waves provide a good analogy for understanding light waves. When a wave travels along the water's surface, particles
at the surface move up and down as the wave is propagated, but they do not move along with the wave. In the case of light, no
['Sects: Cinizal Optics -] material substance moves as the light wave propagates. Rather, at each point the electric field increases, decreasas, and
5 reverses direction in a sinuscidal manner as the wave passes (Fig 1-1). The electric field is always perpendicular to the
U FCMEDisclosures T :
direction of propagation.
M Chi1- Physical Optics
Ameng the principal charzcteristics of a wave, as illustrated in Figure 1-1, are its wavelengih (4) and amplitude (4). Wavelength
Photon Aspects of Light is determined by the distance between crests of the wave. Amplitudgis the maximum value attained by the electric field as the '
kit G wave propagates. It determines the intensity of the wave, A third characteristic of a wave, nat shown in Figure 1-1,is the m

fraguency, which is the number of wave crests that pass a fixed point per second. Finally, multiple waves of the same
amplitude may be described as ‘in phase,” which means the light intensity is doubled; “out of phase,” meaning they cancel
each other; or at some level in between, resulting in an intermediate level of intensity (Fig 1-2).

b Polarization
b Reflection

Transmission and Absorption

¥ Diffraction i In addition to an electric field, a light wave has a magnetic field that increases and decreases with the electric field. As

# Seattering indicated in Figure 1-3, the magnetic field (H)is perpendicular bath to the direction of propagation of the light and to the
¥ llmination electric field. The magnetic field is less important than the electric field and is often omitted in descriptions of a light wave.
Light Hazards

¥ Laser Fundamentals

Figure 1-4 illustrates the electromagnetic wave spectrum, induding the very small portion occupied by visible light. In comman
usage, the term fight refers to the visible portion of the electromagnetic wave spectrum, but it can be applied to radiation in the
infrared and near-UV partions of the spectrum as well. Although the region of visible light is normally defined as 400-700 nm,
the boundaries are not precise, and under certain conditions the eye's sensitivity extends into the infrared and UV regions. For
example, in aphakia, without the UV absarption of the natural lens, the retina is able o detect wavelengths well below 400 nm.
# Chc- Contact Lenses ¥-rays also produce a response in the retina, but these waves are nat focused by the optical components of the eye.

b Ché- Intraocular Lenses

} Ch7- Optical Consicerations in . The speed of light in a vacuum (g/is one of the fundamental constants of nature, almost exactly 3 x 108 m/sec. The
wavelength of light in a vacuum (4.)is related to its frequency (v) by the equation

¥ Ch2- Geometric Optics
¥ Ch3- Optics of the Human Eye
| »C- Clinical Refrection

b Chg- Telescopes and Optical Inst..
b ChE- Vigion Rehabilitation
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When light travels through any fransparent medium (im) other than a vacuum, its velogity (1/)is reduced, but its frequency

does not change. The index of refraction () of the medium is defined as the ratia of the speed of light in a vacuum to the
speed of light in the given material and is written as

t,=dV

Lens materials have unique indices of refraction. The index of refraction of typical CR-39 plastic lenses is 1.50, whereas that of
a typical high-index lens Is 1.66. The higher the index of refraction, the thinner the lens. This is important for patients with
higher refractive errors wha prefer “hin lenses.”

Given that the frequency of a wave does not change on traveling through a transparent medium, the wavelength (4,,)
becomes shorter, as govemed by the relationship

ny=c/V=4/4,

where 4, is the wavelength of light in a vacuum.
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. When light interacts with matter, individual quanta of energy (photons) are emitted or absorbed. The amaunt of energy (£) per
photon Is equal to the Planck constant multiplied by the frequency and is written as

[5eas CincalOptis. |+

E=hv

G »CMEDicosures
where vis the frequency of the light wave and histhe Planck consfant 6.626 x 10-31 Jisec. Because the frequency of blug

el light ie greater than that of red light (see Fig 1-4), a photon of blue light has greater energy than a phaton of red light.

Wiave Theary

Phaton Aspects of Light The diagnostic use of fluorescein demonstrates a practical application of this principle. For example, a photan of blue light is
¥ Interferance and Coherence absorbed by an indvidual fluorescein molecule. When the molecule reemits light (fluoresces), the emitted photon has a lower
b Polarization energy, lying in the yellow-green portion of the spectrum. The remaining energy is converted into heat or chemical energy. As

b Reflaction a ule, light emitted through fluorescence has a longer wavelength than the excitation light.

Transmission and Absorption

b Diffraction

The particle-wave duality extends to other fundamental concepts as well. The electron, for example, behaves like a wave with
awavelength much shorter than that of light Because diffraction effects are much reduced at shorter wavelengths (see the
h3cateting section Diffraction, later in this chapter), extremely high resolution can be abtained with the electron microscope.

¥ llumination

Light Hazards

¥ Laser Fundamentals

¥ Ch2- Geometric Optics
¥ Ch3- Optics of the Human Eye
| »C- Clinical Refrection

I ChE- Contact Lenses

b ChE- Intraccular Lenses

b Ch- Optical Considerations in R...
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Interference occurs when 2 light waves originating from the same source are brought together. Interference occurs mast
readily when the light is monochromatic; that is, it lies within a narrow band of wavelengths. But Interference can also be

['Sects: Cinizal Optics -] obtained with white light under optimum canditions.
) ¥ CMEDisclosures In Figure 1-5, the curved lines represent the crests of the waves at a paricular instant. Where the crasts coincide (g, at A), a
B ¥ Chi-Physical Optics maximum of intensity is produced because the energy of the electromagnetic fields is added together (aonsiictive
Wave Theery interferance). Where the crest of 1 wave coincides with the trough of the otherwave (B),the 2 electromagnetic fields cancel
Photon Aspects of Light each other, and intensity is minimized (destuctive infarfarance). If the 2 waves are exactly equal in amplitude, the destructive
interference will be complete, and the light intensity will be zero. Thus, in Figure 1-5, the screen displays a series of light and
Nl i dark bands corresponding to areas of constructive and destructive interfarence.
sy The term coherence describes the ability of 2 light beams, or different parts of the same beam, to produce interference.
ieaflecthn Spatial. or |ateral, coherence refers to the ability of 2 separated portions of the same wave (Pand Q@in Fig 1-5) to produce
Transmission and Absorption interference. Temparal, or longitudinal, coherence is the ability of 1 wave of a heam ta interfere with a different wave within
¥ Difiraction the same beam (Pand &). A large, white light source has a coherence close to zero. However, if the light Is passed through a
» Seattering narrow slit, asin Figure 1-5, the spatial coherence between Pand Qimproves, approaching unity as the siit approaches zero
b Jllumination width. Temporal coherence is improved when a filter is used to select @ narraw band of wavelengths, thereby making it highly
Light Hazards monachromatic. Laser light is highly coherant. Most gas lasers approach perfect temporal coherence, meaning that a portion
Wlagis Bl of the beam can be made to interfere with @ much later portion of the beam
I Ch2- Geometric Optics
| kCh3-Optics of the Human Eye
I Chd- Clinical Refraction
b Cha- Contact Lenses
b Ché- Intraocular Lenses i
b Ch7- Optical Considerations in R...
b Ché- Telescopes and Optical Inst... l
b ChE- Vision Rehabilitation !
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Applications of Interference and Coherence
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Interference resulting from the high degree of coherence i laser light can lead to serious problems in some laser applications. ji-

However, interference effects can also be put to practical use, as in /aser infarfarometry, a technique for evaluating retinal
funation in the presence of a cataractous lens. In |aser interferometry, a laser beam is split into 2 beams, which then pass
through different parts af the pupll. Where the beams again overlap on the retina, interference fringes are formed, even If the
beams have been diffused by the cataract

One of the most impartant applications of interference is in anfrefiection films (Fio 1-5) and infererence filters (Fig 1-7). fthe 2
reflected beams in Figure 15 are equal in amplitude but exactly half a wavelength out of phase, the resuiting destructive
interference will cause the beams to cancel each other and thereby prevent reflection for a given wavelength. Modern low-
reflection coatings consist of several thin layers of transparent materials designed to give a reflaction of only a few tenths of a
percent aver the visible spectrum. Films are typically prepared by evaporation of the material in a vacuum chamber and
deposition on the glass surface.

The inferference filter (see Fig 1-7) is designed so that successive rays fransmitted through the filter are exactly in phase and
therefore interfere canstructively. This condition applies exactly for only 1 wavelength; as a result, the filter transmits only that
wavelength and a narrow band of wavelengths on either side. Other wavelengths are reflected by the interference fitter. The
reflecting layers can be thin films of metal such as silver or aluminum. Mare frequently they consist of multiple thin layers of
transparent materials, with the thickness of each layer chosen to give the desired reflectance.

Thin layers can also be designed so that the transmission (ar reflection) has the characteristic properties of a sharp cutoff
filter. For example, a so-called cold mimarhas a multilayer coating designed to reflect the visible (cold) light and transmit the
infrared wavelengths. The excitation filter used In fluarescein angiography transmits short wavelengths, below about 500 nm,
that cause fluarescein to fluoresce. The barrier filter used in the fundus camera transmits only the long wavelengths, abave
abaut 500 nm. Therefore, the flucrescent emission is received by the film, but all excitation light is excluded.

Optical coherence tomography (OCT), introduced into ophthalmology for in viva imaging of the retina and optic nerve head,
relies on low-coherence tomagraphy, in which the signal carrying light retuming from the eye is allowed to interfere with light
that has traveled a path of known length. OCT is discussed in Chapter B, Telescopes and Optical Instruments,

van Velthoven ME, Faber DJ, Verbraak FD, van Leeuwen TG, de Ey

2 Res. Recent developments in optical coherence
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Polarization

In general, the human eye is not sensitive to palarization of light Nevertheless, polarization has a number of applications in visual science and
ophthalmology; these are discussed in the following section.

A good analogy for polarization is light waves moving through a picket fence. The fence lets through only waves of a certain direction, blacking the
rest of the waves, Plane-polarized or finearly polarized, light consists of waves that all have their electric fields in the same plane,

In & different analogy, we could tum one end of a rope in a circular motion. The wave would then travel along the rope as & circular oscillation,
Similarly, in girculary polarized light, the electric field at any paint rotates rapidly. In elipfically polarized light the electric field both rotates and
changes amplitude rapidly as the wave passes.

Unpolarized light consists of a random mixture of various plane-polarized beams. Parfial polarizafion, as the name implies, produces a mixture of
unpolarized light and polarized light (plane, circular, or elliptical).

Oneway to produce plane-polarized light is to pass a beam of unpolarized light through a polarizing fiter (eg, sheet plastic). This is analogous to
passing a vibrating rope through a picket fence so that only the vertical vibration is transmitted. Certain crystals, particularly caleite, can be used to
polarize light. As will be seen later, reflection can alsa cause complete or partial polarization. Even the sky acts as a partial polarizer by means of
the scattering properties of air molecules.
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The laws of reflection as they affect light rays and the formation of images are discussed in Chapter 2, Geometriz Optics.

The magnitude of the reflection at an interface between 2 media depends primarily on the difference in index of refraction
between the first and secand media. An air-glass interface reflects approximately 4% (at normal incidence). The air-comea
interface reflects about 2%, whereas the comea-aqueous interface reflects only about 0.02%.

Reflection from an interface also depends strongly on the angle of incidence. As illustrated in Figure 1-9, polarization becomes
important for obligue incidence. At 1 particular angle (known as the Brewstar angle) for every interface, only 1 polarization is
reflected. The fact that 1 polarization is reflected mare strongly than the other enables polarizing sunglasses to block reflected
light, as explained in the earlier discussion of polarization and in the following paragraph.

Total reflection oceurs when light from a medium with a high Index of refraction encounters a medium with a lower index at
oblique incidence (see Total Intemal Reflection in Chapter 2). The basis for transmission of light in fiber optics is total
reflection at the internal surface of the fiber. The fiber usually consists of a high-index core glass surrcunded by a lower-index
cladding glass.
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Applications of Reflection

This topic is discussed in greater detail in Chapter 2, Geometric Optics.

As discussed in the previous section, total reflection ocours at the interface between a high-index glass and a lower-index glass. This interface
must remain free of dirt, contamination, and contact with any other material that might degrade the total reflection. Reflection from metals such as

3 b CMEDisclosures

silver or aluminum can be as high as B5%-95%. As with other materials, the reflectivity increases with the angle of incidence. Mirrars used in
B ¥ Chi-Physical Optics ophthalmic instruments usually consist of an aluminum layer that has been vacuum-evaporated on a glass substrate and then overcoated with a
Wave Theery protective thin film of transparent material such as silicon monaxide to prevent oxidation and scratching of the aluminum surface.
Pheton Aspects of Light
SO, I - Semitransparent mirrars, sometimes used as 1-way mirrars, often consist of a metallic layer thin enough to fransmit a fraction of the incident
i light. They are not 100% efficient in that a substantial fracton of the light is also absarbed. In critical applications, partially reflecting mirrors can be
o made of other materials so that anly a negligible fraction is lost to absarptian.
Appications of Reflection Metallic reflection partially polarizes the reflected light. As with other materials, the perpendicular companent is mare strongly reflected than the
Transmission and Absorption parallel companent. However, with metals there is no angle at which only 1 polarization is reflected; therefore, the polarization of the reflected light
» Diffraction is never complete.
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. Transmission s the passing of radiant energy through a medium cr space. Itis measured in terms of transmitiance, the percentage of energy that
can pass through a particular medium. For absorbing materials, the transmitiance is often a function of wavelength.

[5eas CincalOptis. |+

c Absoptionis usually expressed a5 an apfical density (OD). An OD of 1 represents a transmitiance of 10%; an OD of 2, a fransmittance of 1%
P CMEDisclosLres q (0.01); and an OD of 3, a transmitiance af 0.1% (0.001).
Bl ¥ Chi-Physical Optics
Viave Theery In general, the expression for optical density is OD =1log 1/7, where Tis the transmittance. See also Chapter 4, Clinical Refraction, for a discussion

Phaton Aspacts of Light of absorptive lenses.
¥ Interfi d Coh o ‘ .
Pn le ,En:,m . . Duke-Elder 8, Abrams D, eds. System of Onhihalmalogy. Vol ¥, Ophthalmic Opfics and Reftaction. St Louis: Mosby, 1970:30-36.,
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: Although the eye requires light in order to function, it has long been recognized that light itself in excess, particularly at certain wavelengths, can
be hazardous to various parts of the eye:

[5eas CincalOptis. |+

c « The comea and lens are particularly susceptible to UV injury in the wavelength range of 180-400 nm, from which photokeratitis and cataract
U FCMEDisclosures { can result
B ¥ Chi-Physical Optics
Viave Theary « The retina is susceptible to phatochemical injury from blue light in the wavelength range of 400-650 nm (310-550 nm for an aphakic eye).
Photan Aspects of Light This is the basis for the incorporation of UV-blocking and blue-blocking chromaphores in certain infraocular lenses.

¥ Inter d Cah L : a e
. « The retina is susceptible o thermal injury from optical radiation in the wavelength range of 400-1400 nm.

b Polarization

¥ Reflection « The lens of the eye is susceplible to thermal injury from near-infrared radiation in the wavelength range of B00-3000 nm.
Transmission and Absorption
» Diffaction « The comea and lens of the eye are susceptible to thermal injury from radiation in the wavelength range of 400-1200 nm.

Seatteri ; : iy i TR
i « The cornea is susceptible to thermal injury from optical radiation in the wavelength range of 1400 nm-1 mm.
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. Laseris an acronym for [ight amplification by stimulated emission of radiation—a phrase that highlights the key events in producing laser light. In
the most simplified sequence, an energy source excies the atoms In the active medium (a gas, solid, or liquid) to emit a particular wavelength of
['Sects: Cinizal Optics -] light. The light thus produced is amplified by an optical feedback system that reflects the beam back and forth through the active medium o

increase s coherence, untl the light is emitied as a laser beam. This process is described in greater detail in the following sections.

O b CMEDisclosures

B ¥ Chl-Physical Optics Although Einstein had developed the basic theory of laser emission more than 40 years earlier, it was not until 1960 that Theadore Maiman built
8 Wave Theary the first successful laser with a ruby crystal medium.
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Properties of Laser Light

Lasers are only one of many sources of light energy. The unique properties of laser light, however, make it particularly suitable for many medical
applications. These properties are monochromaticify, directionality, coherence, palanzation, and intensity.
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. Lasers emitlight at only 1 wavelength or sometimes at a combination of several wavelengths that can be separated easily. Thus a “pure " or
monochromatic, beam is obtained. Although the wavelength spread is not infinitesimally small, a gas laser emission line can be as narrow as 0.01
['Sects: Cinizal Optics -] nm, compared with the 300-nm span of wavelengths found in white light. At best, a filter might reduce the transmission of white light to a color

range (banchwidth) of 5 nm at the expense of mast of the white light's energy. For medical purposes, the color of light can be used to enhance
absorption or transmission by a target tissus with a certain absorpton spectrum. The wavelength specificity of a laser greatly exceeds the
¥ S0~ Py Gplcs absorption specificity of pigments in tissues. |n addition, monachromatic light is not affected by chromatic aberration in lens systems, Thus,
Viave Theory monachromatic light can be focused to a smaller spat than can white light.
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Directionality

The secand property of [aser-emitied light Is dlectionalify. Lasers emit a narrow beam that spreads very slowly. As explained later in this
chapter, lasers amplify only those photons that travel along a very namow path between 2 mirmars. This process serves as a very efficient
mechanism for collimating light. In a typical laser, the beam increases by approximately 1 mm in diameter for every meter traveled. Directionality
makes it easy o collect all of the light energy in a simple lens system and focus this light to a small spat
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Coherence

Coherence, meaning that all the propagated energy from the source is in phase, is the term most often associated with lasers
(see Fio 1-5 and the earlier discussian, Interference and Coherence). Laser light projected onto a rough surface produces a
['sect3: Cirical Optis -] characteristic sparkling quality known as /aser speckie. This phenomenon oceurs because the iregular reflection of highly
coherent light creates imegular interference pattems, or speckle. Coherence of laser light is utilized to create the interference
fringes of the laser interferometer. In therapeutic ophthalmic lasers, coherence, like directionality, Is impartant because it
improves focusing characteristics.
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Polarization

Many lasers emit linearly polarized light. Polanization is incorparated in the laser system to allow maximum transmission through the laser
medium without loss caused by reflection.
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Intensity

In most medical applications, the mast impartant property of lasers is infensify. Intensity is the power in a beam of a given
angular size, and the physical carrelate of the perception of “brightness™ is the intensity per unit area. In medical laser
applications, the mast important radiometric terms are enargy (), power(W), radian! enargy densify (Jiem?), and iradiance Higl
(Wiem2) (sge Table 1-2). The laser output is fived in either joules (4) orwatts (W). Recall that energy is work, and power s the [
rate at which work is done. One joule = 1 watt x 1 second, or 1 W = 1J/s. The tissue effect is then determined by the focal point
spot size, which determines energy denstty and iradiance {ar, less properly stated, “power density’). In ophthalmic [asers, spot |
size s conventionally given as the dizmeter. Thug, a 50-um spot size has an area of m (25 x 10-4)2em?, or about 2% 10-5 '
cm?.

Directionalty, coherence, polarization, and, to some degree, monochromaticity enhance the most important characteristic of
lasers, which is light intensity. The sun has a power of 1026 watts but emits energy in all directions at a great distance from the
earth. Thus, a simple 1-my/ helium neon laser has 100 times the radiance of the sun. Their intense radiance, combined with
monachromaticity that can target selected tissues and avold others on the basis of spectral absorption, makes lasers a unique
tool in medicine. This is particularly true in ophthalmalagy, s the eye s designed to allow light transmission to most of its
structures, Figure 1-14 summarizes the major praperties of laser light in comparison with a conventional light source,
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: All aphthalmic lasers currently in use require 3 basic elements: (1) an active medium to emit coherent radiation; (2) energy ,
input, known as pumping, and (3) apfical feedback, to reflect and amplify the appropriate wavelengths. -

[5eas CincalOptis. |+

In 1917, Albert Einstein explained the mathematical relationships of 3 atomic transition pracesses: absompiion, sponianeous

) » CMEDiclosures q emission, and stimulated emission. Accarding to the fundamental principles of quantum physics, cartain atomic energy

B ¥ Chi-Physical Optics Iransitions are highly probable, or “allowed.” Light energy can readily induce such an allowed transition, causing the energy of ,
Wave Theery the atom to move from ts ground state (Eq) to an excited state (£1). The atom abscrbs a quantum of energy &t a predictable D:l
Pheton Aspects of Light frequency appropriate to cause the specific transition. If the source of lllumination is white light, a discrete frequency (line i
O —” spectrum) will be subiracted from the lluminating beam, Each atomic element has a characteristic line spectrum. This process
b Polarization is known as absarpiion (Fig 1-154)

i Because the lowest energy state is the most stable, the excited atom socn emits a quantum of energy at the same frequency

in arder to returm to the ground state. This process can occur without external stimulation (spenianaous emission; Fig 1-158)
¥ Diffraction oras a result of simulation by a photon of light at the same requency (stimulated amissianFin 1-15C). Spontaneous

# Seattering emission occurs randomly in time, whereas stimulated emission is in phase with the stimulating wave. Therefore, simulated
¥ llmination emission Is coherent. After absorption, the majarity of energy release is through spontaneous emission ocaurring incoherently
Light Hazards in all directions, and only a small fraction of the energy is normally released as coherent stimulated emission. The laser
environment, however, amplifies only the stimulated emissian.

Transmission and Absorption

¥ Laser Fundamentals

¥ Properties of Laser Light i ; L i o ; ;
T As indicated in Figure 1-15C, stimulated emission ocours when an incident photon of the proper frequency interacts with an
atom in the upper energy state. The result is the emission of a photon of the same wavelength and the return of the atom to its
Lismy S lower energy state. The emitted photon also has the same phase and direction of propagation as the inadent photan.
b Laser-Tissue Interactions

¥ Che- Geometric Optics The acfive medlum is an atomic or molecular environment that supparts stimulated emission. The active medium allows a

} Ch3- Optics ofthe Human Eye large number of atoms to be energized above the ground state so that stimulated emission can oceur. Recall that v= gt ’

b Chb- Clinical Refaction hence, the panicu‘lar aton?ic Energy tranlsiﬂon determines the wavelength of the emlissl.ion (E=hv= hla,ﬂ). Le!sers are usl.ually

) G- Cortct Lenses named for the active medium. The medium can be a gas (argon, krypton, carbon dioxide, argan-fluoride excimer, or helium l

with nean), a liquid (dye), a solid (an active element supported by a crystal, such as neadymium supported by yitrium-

b Ché- Intraccular L i ] ] ; ] :
s aluminum-garmet [Nd: YAG] and erbium supported by yttrium-lanthanum-fluaride [Er:YLF]}, or a semiconductor (diode).

I Ch7- Optical Considerations in R...

# G- Telescopes and Optical Inst... The second requirement for a laser is a means of imparting energy to the active medium s that a majority of the atoms are
¥ Chg- Vision Rehabiitation in an energy state higher than the ground state. This condition is known &5 a papulation inversion because it is the inverse of
» Appandix ' the usual condition in which the majarity of atoms are in the ground energy state. The energy input that makes possible
population inversion is known as pumping. Gas lasers are usually pumped by electrical discharge between electrodes in the
gas. Dye lasers are often pumped by ofher lasers. Solld erystals are usually pumped by incaherent light such as the xenon
arc flashlamp

Once papulation inversion in an active medium has been achieved, optical feeback is required to promote stimulated
emission and suppress spontaneous emission. The laser cavity acts as an optical resonator. Mirrors are placed at each end of
a beam path to reflect light back and forth through the active medium, in which pumping maintains a population inversion (Fig
I-16). Each time the light wave resonates through the active medium, the total conerent light energy is increased through
stimulated emission. Spontaneous emission, which oceurs randemly in all directions, rarely strikes a mirrar and therefore is
not amplified.

The last element in this schematic |aser design is a mechanism for releasing some of the osaillating laser light from the cavity.
This is achieved by making one of the mimors fully reflective and the ather mirror only partially reflective. A portion of the light
waves striking the second mirror is emitted from the cavity as the laser beam. The reflectivity of the mirraor is selected to satisfy
the requirements for efficient amplification in a particular system. For example, if & laser has a 98% reflective mimar, the light

waves are coherently amplifid by stimulated emission during an average of 50 round-trips through the active medium before [

thaw ara amitted ae tha lacar haam L
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: Solid-state |aser sources commanly used in medical applications are ruby and Nd:YAG. Refractive surgery uses excimer |asers (ablative
procedures) and, less commonly, infrared holmium: YLF (IntraLase, Advanced Medical Optics, Santa Ana, CA) and holmium:YAG |asers (laser
['Sects: Cinizal Optics -] thermal keratoplasty [LTK], laser in situ keratomileusis [LASIK]). Argon, krypton, carbon dioxide, and argon-fluoride excimer are the most

5 impartant gas |aser sources used in medicine. The dye laser is the only liquid laser used in ophthalmalogy.
¥ CME/Disclosures

B ¥ Chi-Physical Optics In 1975, it was shown that rare gas atoms in metastable excited states could react with halogens to form diatomic rare gas halides in a bound
Wave Theery exclted dimer (excimer) state. Decay of these excimer molecules to a weakly bound or unbound ground state is accompanied by emission of a
Photon Aspects of Light phatan with UV frequency. Excimer |asers efficiently produce high-power UV iradiation. A number of different excimer molecules can be created,
and each is associated with a specific transition and emission wavelength: argon fluoride, or ArF (193 nm); krypton fluride, or KIF (249 nm}; and
xenan fluoride, or XeF (351 nm).

b Interference and Coherence
b Polarization

i Semiconductor diode |asers are solid-state asers that are extremely compact and highly efficient. These laser sources are commonly used in

Transmain snd Abtarpln communications applications and in digital information and audio systems. The increased power output of semicnductor diode lasers makes
¥ Diffraction them feasible for ratinal photocoagulation and for some glaucoma applicatians.
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. Even befare the invention of lasers, light energy had been employed therapeutically to heat and permanently alter target tissuz. This arly
phototherapy had its origins in observations of solar retinitis and was used in the treatment of numercus retinal disorders and glaucoma. A laser
['Sects: Cinizal Optics -] could now achieve similar effects in a more controlled manner. The term phofacoagulation refers to the selective absorption of light energy and

conversion of that energy to heat, with a subsequent thermally induced structural change in the target. These processes and their therapelitic
results depend on laser wavelength and laser pulse duration. A variety of photocoagulating lasers are currently in clinical use: argon, krypton, dys,
) ¥ Chi- Physical Optics holmium, and the solid-state gallium arsenide lasers,
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. A secand category of [aser-fissue Interaction uses high-peak-power pulsed lasers to ionize the target and rupture the surrounding tissue. In dlinical
practice, this process (known as phofadisnpfion) uses laser light as a pair of virtual microsurgical scissors, reaching through the ceular media to
['Sects: Cinizal Optics -] open tisses such as lens capsule, iris, inflammatory membranes, and vitreous strands without damaging surrounding ocular structures.

Currently, the Ne:YAG and Er:YAG lasers are the principal photodisruptive [asers used in clinical ophthalmalogy.
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Photoablation

Athird category of laser-tissue interaction, called phofoablation, arose from the insight that high-powered UV laser pulses can
precisely etch the comea in the same manner that they etch synthetic polymers. The high energy of a single photon of 193-nm
['sect3: Cirical Optis -] UV light exceeds the covalent bond strength of cormeal protein. The high absarption of these laser pulses precisely removes

a submicran layer of cornea without opacifying adjacent tissue, owing to the relative absence of thermal injury. Over a decade
of laboratory and clinical investigation has brought excimer laser photoablation to clinical use in refractive surgery and comeal
therapeutics. (3ee also BCSC Secfion 13, Refrachive Surgery)
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Laser-Tissue Interactions
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| Sectt3: Refractive Surgery |+
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1 PART I: Underlying Concepts of R...
¥ Chi1- The Science of Refractiv ..
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b Wavefront Analysis
b Biomechanics of the Cornea
Corneal Wound Healing

¥ Laser Biophysics
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Three aser-tissue interactions are exploited for keratorefractive surgery. Phofothermaleffects are achieved by focusing a holmium:YAG laser with
a wavelength of 2.13 um inta the anterior stroma. The [aser beam is absorbed by water, causing collagen shrinkage from heat This technigue is
approved by the FDA for treating low hypercpia.

The femiosecond laser is approved by the FOA for creating comeal flaps for LASIK and may be used for lamellar or PKP. It uses & 1053-nm
infrared beam that creates phafodisnipfion, a process by which tissue is transformed into plasma, and high pressure and temperature create rapid
issue expansion, leading to microscopic cavities within the comeal stroma. Cantiguous photodisruption allaws for creation of the comeal flap or
keratoplasty incision.

Photaabiation, the most impartant laser-tissue interaction In refractive surgery, breaks chemical bonds using excimer (for “excited dimer) lasers or
other lasers of the appropriate wavelength. Laser energy of mare than 4 eV per photan is sufficient to break carbon-nitrogen or carbon-carbon
lissue bonds. Argon-flucride (ArF) lasers are excimer lasers that use electrical energy to stimulate argon to form dimers with the caustic flucrine
gas. They generate a wavelength of 193 nm with 6.4 &V per photon. The 193-nm light is in the ultravidlet C (high ltraviolet) range, approaching
the wavelength of x-rays. In addition to having high energy per phatan, light at this end of the electromagnetic spectrum alsa has very low tissue
penetrance and thus is suitable for operating on the surface of tissue. Mot only is the |aser energy capable of great precision, with litlle thermal
spread in tissue, but its [ack of penetrance or lethality to cells makes the 193-nm laser nonmutagenic, enhancing its safety. (DNA mutagenicity
aceurs in the range of 250 nm.) Salid-state [asers have been designed to generate wavelengths of light near 193 nm without the need for toxic gas,

[ G but the technical difficulties in manufaciuring these lasers have limited their clinical use,
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: Photoablating lasers can be divided into broad-beam |asers, scanning-sit lasers, and flying-spot lasers. Broac-beam lasers have larger-diameter
beams and slower repetition rates and rely on optics or mirrers 1o create a smooth and homogenecus multimode laser beam of up to
['Sectl3: Refracive Sugery |+ approximately 7 mm in diameter. These lasers have very high energy per pulse and require a small number of pulses to ablate the comea.

Seanning-slit lasers use excimer technalogy to generate a namower slit beam that is scanned over the surface of the issue to alter the
photoablation profile, improving the smoothness of the ablated comea and allowing for larger-diameter ablation zones. Aying-spot lasersuse
| PARTI: Underling Conczpts cf .. smaller-diameter beams (0.5-2.0 mm) that are scanned at a higher repetition rate, but to create the desired pattern of ablation, a tracking
¥ Cht- The Srignos of Refractive .. mechanism is required for precise placement, Broad-beam lasers and some scanning-sit lasers require a mechanical irs diaphragm or
Cantribution of the Corneal La... ablatable mask to create the desired shape in the comea. The flying-spot lasers and some of the scanning-slit lasers use the pattern projected
¥ Computerized Corneal Topog... onto the surface to create the desired laser ablation profile without masking.
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Wavefront-Optimized and Wavefront-Guided Laser Ablations

In the past, conventional treatments used laser profiles with smaller blend zones and created 8 more oblate comeal shape postoperatively, with
induced higher-rder aberrations, especially spherical aberration and coma. Wavefront-optimized laser ablations tryto preserve the prolate shape
of the cornea by increasing the number of peripheral pulses, which often results in better quality vision and fewer night vision complaints. This
method also compensates for the decreased effect of the conventional laser in the periphery of the comea due to the angle of the beam. Asin
conventional procedures, the refraction is used to program the wavefront-ptimized lzser ablation. This technology does not attempt ta address
preexisting higher-arder aberrations but rather to minimize induction of spherical aberration caused by the laser ablation itself. |t has the
advantage of being quicker than wavefront-guided technology and avoids the additional expense of the aberrometer. There are cumently few
published studies comparing wavefront-optimized results with conventional or wavefront-uided laser results

In wavefront-guided laser ablations, information obtained from a wavefront-sensing aberrometer (which quantifies the aberrations) is transferrad
electronically to the reatment laser to program the laser ablation. This is distinct from conventional excimer laser and wavefront-optimized laser
freatments, where the subjective refraction is used o program the laser ablation. The wavefront-guided laser attempts to treat both lower-arder
{myopia or hyperopia andfor astigmatism) and higher-order aberrations.

Wavefront-guided lasers apply complex ablation patiems to the cornea o correct wavefront deviations from a desired final comeal shape. The
carrection of higher-order aberrations requires non-radially symmetric patterns of ablation {which are often much smallerin magnitude than
ablations needed to correct defocus and astigmatism). Based on the difference between the desired and the aciual wavefrant, 2 3-dimensional
map of the ablation is generated. To match the intended ablaton pattern with that which is ulimately deliversd to the comea, registration must be
achieved using either marks at the limbus prior to obtaining the wavefront pattems or iris registration, which matches reference paints in the natural
iris pattern to compensate for cyclotorsion and pupil centroid shift The wavefront-uided laser then uses a pupil-tracking system, which helps to
maintain centration during treatment and allows the accurate delivery of the customized ablation profile.

The results of wavefront-guided ablztions for low and maderate myapia are excellent, with well over 90% of eyes achieving 20/40 or hetter UCVA.
Early results for wavefroni-guided hyperapic and astigmatic corrections appear promising as well. Only a few published papers in the literature
compare this technology to conventional treatments, however, and these do not show clear-cut superiority when the conventional procedures are
performed with modem technelogy, including larger ablation zones, pupiltracking systems, and anatomical registration. In general, fewer induced
higher-arder aberrations are found in eyes freated with wavefront technology compared with those treated with conventional treatments (althaugh l
there is an increase postoperatively in both groups), but Snellen visual acuity parameters are similar. For enhancements, however, early results q
indicate that customized treatments appear to be better than conventional re-rreatments. Investigations are ongoing in comparing wavefront-

guided technology platforms and determining what constitutes the ideal optical carrection.

Krueger RR, Applegate RA, MacRae SN, eds. Wavefiont Customized Visual Comections: The Quest for Super Vision. 2nd ed. Thorafare, NJ:
Slack; 2004.

W, Wilson SE. Wavefront-guided ablation: evidence for fficacy compared to traditional ablation. Am /¢

« Back | Next p

03/17/2011



Page 1 of 1

BASIC AND CLINICAL SCIENCE COURSE 2009-2010 MAIN | EXIT

=
 Search hvanozs Scarch [N Sect12> Chaper 2 Digrosic Approsch.. Ol sy Toctiques » Opicel Gohrence Tomogrepy RA-Q (5@

—

oct

Select Secti m i e
EZEETE Optical Coherence Tomography

| Yiew Recent Search Results vl
: Optical coherence tomagraphy (OCT) is a noninvasive, noncontact imaging madality that produces micrometer-resalution, -
cross-sectional images of ocular tissue. OCT is based on Imaging reflectsd light The technique produces a 2-dimensional,
['Sectl2; Refiraand Vireous | = false-color image of the backscattered light from different layers in the refina, analogous to ultrasonic B-scan and radar

imaging. The only difference is that OCT, using the principle of low-coherence interferometry, measures optical rather than
acoustic or radio wave reflectivity. With the use of light Instead of sound, the resolution is enhanced and the speed is much
j ittt greater. First- and second-generation OCT scanners produced cross-sectional images of the retina with an axial (depth)

PARTI: Fundamentals and Diagn... resalution of approximately 12-15 ym; current commercial OCT scanners offer a resalution of 8-10 um that is at least 10

b Ch1- Basic Anatomy times better than ultrasound. Because axial resolution depends on the *coherence length” of the light source, ultrahigh-

¥ Ch2- Diagnostic Approach bo Re... resolution images using a femtosecond titanium:sapphire laser light source can deliver resolutions of 1-3 pm, which

Techniques of Examination approaches the thearefical limit of OCT imaging. Ta further improve OCT imaging, Fourier-domain, or spectral-domain,

technology is now available and delivers a 100-fold improvement in speed aver current time-domain OCT scanners. For
example, Fourier-domain scanners show greater detail (1125 scans vs 512 scans) than time-tomain scanners in a shorter
period of time (0.072 vs 1.23 seconds). This dramatically decreases motion artifact Moreover, the faster scanning time allows
a larger area to be scanned and offers more precise image registration.

3 b CMEDisclosures

b Retinal Angiography Technig...

¥ (Other Imaging Technigues
Optical Coherance Tomagr...
Seanning Laser Ophthalm..

Retinal Thickness Analyzer OCT single-scan cross-sectional views (tomograms) of the retina appear similar to histopathologic specimens and have been
Fundus Autaflucrascence termed “optical hiopsies” (Fig 2-3). Tissues with higher reflectivity, such as the RPE, appear in brighter colors (red-white), and
Canditions Commonly Diagnos... less dense structures, such as the vitreous and intraretinal fluid, appear in darker colors (blue-black). OCT is useful for
¥ Ch3- Retinal Physiology and Ps... differentiating lamellar from pseudo- and fullthickness macular hales, diagnasing vitreomacular traction syndrome,
differentiating traction-relatad diabatic macular edema, monitoring the course of central serous chorioretinopathy, making age-
related macular degeneration (AMD) treatment decisions, and evaluating for suble subretinal fluid that Is not visible on FA. A
ohvious benefit of higher-resolution systems is the ability to better delineate retinal layers, including the external limiting
membrane and the junction between the inner and auter phatoreceptor segments. This improves our ability to localize retinal

PART II: Disorders of the Retina a...
b Chd- Acquired Diseases Affectin...
¥ ChE- Retinal Vascular Disease
I Chi- Choroidal Disease

pathalogy and subtle anatomical changes b
b Chi- Focal and Diffuse Charoida...
b Che- Congenital and Stationary .. J OCT can also produce a retinal thickness map. The OCT software automatically determines the inner and cuter retinal
» C1G- Herecitary Retinal and Cho.. boundaries and produces a false-color topographic map, with areas of increased thickening in brighter colors and areas of l
} Ch10- Refinal Degenerations As.. lesser thickening in darker colors. An assessment of macular volume can also be obtained from the retinal thickness map. By i

evaluating differances in retinal volume over time, the clinician can evaluate the efficacy of therapy. Time-domain OCT
produces retinal thickness maps from 6 x 6-mm radial scans centered on the fovea, with interpolation between the scan lines,
to produce a map of the macula. In contrast, Fourier-domain OCT can image the entire macula due to increased scanning
speed and improved accuracy of thickness and volume measurements; it also offers the capability of impraving registration,
50 imaging the same area from visit to visit s now possible.

I Ch11- Peripheral Retinal Abnorm...
¥ Ch12- Diseases of the Vitreous

¥ Ch13- Posterior Segment Manif...
PART III: Selected Therapeutic T..
¥ Ch14- Laser Therapy for Poster .

b Ch15- Vitrgoretingl Surgery Hee MR, Puliafita CA, Wang C, et al. Opical coherence tomography of macular holes. oy 1985102.748-756
Hee MR, Puliafito CA, Wang C, et al. Quantitative assessment of macular edema with optical coherence tomagraphy. Arh
Imal 1985;113:1018-1029,
Huang D, Swansan EA, Lin CP, et al. Optical coherence tomography. Scignce. 1991:254:11768-1181
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Quantitative measurement of the optic nerve head and retinal nerve fiber layer

[Sndm: Glaucoma | :.]

3 b CMEDisclosures

] Ch1- Introduction to Glaucoma: ...

I Ch2- Intraocular Pressure and A...
¥ Chi- Clinical Evaluation
b History and General Examina...
b Gonioscopy
b The Optic Nerve
¥ Glaucomatous Optic Neurop...
Theories of Glaucomatous ...
Examination of the Optic N..
¥ Clinical Evaluation of tha ...
Recording of optic nerv...
¥ The Visual Field
I Chd- Open-Angle Glaucoma
|+ Cha- Angle-Closure Glaucoma
¥ Chi- Chidhood Glaucoma
b Ch- Medical Management of GI...
b ChB- Bungical Therapy for Glauc...

http://bcsconline.aao.org/20092010bcsconline/default.aspx

Since the 1850z, the appearance of the optic nerve head has been recagnized as critical in assessing the disease status of
glaucoma. However, optic disc assessment can be quite subjective, and intercbserver and intrachserver variation s greater
than desirable, given the importance of accurate assessments. Thus, the need for reliable and objective measures of optic
disc and associated retinal nerve fiber layer morphology is clear. A number of sophisticated image analysis systems have
been developed in recent years to evaluate the optic disc and retinal nerve fiber layer. These instruments give quantitative
measurements of various anatomic parameters.

Confocal scanning laser ophthalmascopy (Fin 3-174) can be used to create a 3-dimensional image of the optic nerve head.
The cptical design of instruments using confocal scanning laser technology allows for a series of tomographic slices, or
optical sections, of the structure being imaged. The images acquired by this method are stored as a computer data file and
manipulated to recanstruct the 3-dimensional structure, display the image, and perform data analysis. Parameters such as
cup area, cup valume, rim volume, cup-disc ratio, and peripapillary nerve fiber layer thickness are then caloulated. Software
to evaluate the images for the statistical likelihood of glaucoma damage as well as identify areas of possible progression over
fime are available.

Techniques such as scanning laser polarimetry and optical coherence fomography have been used to acquire images of the
retinal nerve fiber layer. The scanning faser polarimeter(Fiy 3-17B) is basically a scanning laser ophthalmoscape outfitted
with & polarization modulator and detector to take advantage of the hirefringent properties of the retinal nerve fiber layer
arising from the predominantly parallel nature of its microtubule substructure. As light passes through the nerve fiber layer, the
palarization state changes. The deaper layers of retinal issue reflect the light back to the detector, where the degree to which
the polarization has been changed is recorded. The acquired data can then be stored, displayed, and manipulzted by
computer programs, just as with the unmodified confocal scanning laser ophthalmoscope. The fundamental parameter being
measured with this instrumentation is relative (not absclute) retinal nerve fiber layer thickness. The addition of a variable
corneal compensatar (VCC) ta include analysis of potential anterior segment birefringence has impraved the quality of the
information available by this technique.

Opfical coherence fomography(OCT) (Fig 3-17C) uses interferametry and low-coherence light to cbtain a high-resclution
cross section of biological structures. The resolution of OCT instrumentation in the eye is approximately 10 ym, and OCT has
the potential to yield an absclute measurement of nerve fiter layer thickness. In vivo OCT measurements appear to correlate
with histologic measurements of the same tissues.

Quantitative measurement of the optic disc and retinal nerve fiber layer is a promising nascent science. The instrumentation
and techniques used to acquire quantitative imaging and analysis of nerve head and nerve fiber layer anatomic parameters
are rapidly evolving. Both for single measurements directed at detecting the presence of glaucoma and, especially, for serial
measuraments necessary to determine dinical progression of glaucoma, these technologies have great patential. The
clinician must remember that no system of measurement and observation is currently mare useful o has proven mere
reliable than good-quality sterecphotographs combined with detailed and careful dlinical examination.

fang L, Mills RP. Carrelation of par rer thickness by scanning

Chen YY, Chen PP, Xu L, Emnst PK
{s in patients with glaucoma. J Glau

|aser palarimetry with visual field defects 312-316,

Wallstein G, Ganway-Heath DF, Hitchings RA. |dentification of early glaucoma cases with the scanning laser
ophthalmascope. Ophthalmalogy: 1998:105 sl

noiogy. 1998,105: 1563
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