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optical coherence tomography images 0£ macular
laser lesions clearly demonstrated differences in
pathologic response by retinal layer over time.
.CONCLUSION: The novel sequential imaging 0£
rapidly evolving macular lesions with optical CO~
herence tomography provides new insight into the
patterns 0£ acute tissue response by cross~sectional
layer. This sequential imaging technique will aid
in our understanding 0£ the rapid evolution 0£
retinal pathology and response to treatment in the
research and clinical setting.

.PURPOSE: To assess the in vivo evolution of
argon laser retinal lesions by correlating the cross~
sectional structure from sequential optical coher~
ence tomography with histopathologic sectioning.
.METHODS: Argon laser lesions were created in
the retinas of Macaca mulatta and evaluated by
cross~section optical coherence tomography, which
was compared at selected time points with corre~

sponding histopathology.
.RESUL TS: Argon laser lesions induced an opti~
cal coherence tomography pattern of early outer
retinal relative high reflectivity with subsequent
surrounding relative low reflectivity that correlat~
ed well with histopathologic findings. The in vivo

E ARE INTERESTED IN UNDERSTANDINO THE

initial laser tissue interaction created by

timed argon laser exposure directed to the

retina. Previous studies analyzed laser lesions by direct

observation and photographs of the retina, histopath-

ologic assessment of retinal effects, and attempts to

assess function, such as fluorescein leakage at the

laser site, chorioretinal adhesion, and cellular activity

after laser treatment.1-4 The effects of argon, ruby,

krypton, and dye laser energy on different layers of the

retina and choroid have been shown in histopatho-

logic studies of lesions typically 1 hour to 24 hours old

in rabbits, primates, and human beings.l-l0 Because of

a time delay of minutes to hours, these studies viewed

a combination of the direct effects of the laser energy

along with secondary physiologic responses after laser

delivery. That response, such as edema and inflam-

niation, may mask or amplify the initial laser effect. In

addition, processing tissue for histopathologic evalua-

tion may add artifacts to the lesions.
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Lorenzs addressed the issue of identifying the
earliest time point of tissue response to argon laser
application. Lorenz studied the rabbit retinal morpho-
logic characteristics with immediate perfusion fixa-
tion of tissue after laser lesion placement. This
provided a 20-second fixed lesion but not serial
analysis of individual lesion development. To accom-
plish this, we used noninvasive optical coherence
tomography, which utilizes backscattering or reflec-
tions of light analogous to the way ophthalmic
ultrasound uses sound reflections to create an image.
We evaluated optical coherence tomography images
acquired from argon laser retinal lesions as they
evolved over seconds, minutes, and days after laser
delivery, compared these with light microscopic ap-
pearance, and found new information about the
initial evolution of retinal laser lesions.

METHODS

Macaca mulatta weighing &om 3 to 4 kg were main,
tained at a laboratory animal facility fully accredited
by the American Association for the Accreditation of
Laboratory Animal Care. The animals were used in
accordance with federal regulations, the Care and Use
of Animals (National Institutes of Health publication
no. 86,23 ), and the Association for Research in
Vision and Ophthalmology Resolution on the Use of
Animals in Ophthalmic and Vision Research.

Each animal was given a preanesthetic dose of 10
mg/kg of intramuscular ketamine hydrochloride and
0.25 mg/kg of subcutaneous atropine sulfate. Propara,
caine hydrochloride 0.5%, phenylephrine hydrochlor,
ide 2.5%, and tropicamide 1% were administered to
the treatment eye. Anesthesia was induced with an
initial dose of propofol ( up to 5 mg/kg) administered
to effect and maintained with 0.15 to 0.5 mg/kg/hour
of propofol via syringe pump. Heart rate, blood
pressure, temperature, and pulse were continuously
monitored. The airway was maintained with an
endotracheal tube. Peribulbar injection of 0.5 ml of a
50,50 mixture of lidocaine 2% and bupivacaine
0.75% with hyaluronidase was administered to the
treatment eye to reduce extraocular muscular move'
ment. The cornea was irrigated with sterile saline
solution as needed to prevent desiccation. At selected
time points, immediately before euthanasia and while

the animal was under deep anesthesia, the laser~
treated eye was enucleated. The animals were eutha~
nized while under deep propofol anesthesia, with an
overdose of pentobarbital administered intravenously.
The globe was incised anterior to the equator and
immersed in 3% glutaraldehyde with 0.1 M sodium
cacodylate buffer. Within 10 minutes, the posterior
eye cup was dissected while immersed.

Five eyes of three animals were used for the in vivo
and histologic study of 17 argon laser lesions. The
second eye of two animals received argon laser lesions
while under anesthesia, followed by euthanasia. All
17 argon laser lesions were fixed for histopathologic
evaluation. At the time of enucleation and fixation,
10 lesions were 1 hour old, two lesions were 1 day old,
two lesions were 2 days old, and three lesions were 8
days old. Because laser lesions are known to change
significantly during the first hour,5 lesions 1 day old
and older were used for the initial morphologic
comparison. The morphologic characteristics of the
older lesions would not be expected to change during
the hour between optical coherence tomography
imaging of the lesion and fixation.

Except as noted in the Table, lesions were created
with 330 to 500 m W of argon blue~green laser for 100
or 200 msec delivered to the cornea, with an estimat~
ed retinal spot size of 50 IJ.m. Before delivery, the
argon aiming beam and the optical coherence tomog~
raphy beam were colinearly aligned to ensure that the
horizontal optical coherence tomography scan would
fall over the center of the newly formed lesion. After
laser delivery, the location of the optical coherence
tomography scanning beam was monitored by a
videotape camera configured to the slit lamp. Optical
coherence tomography images were temporally ac~
quired in 5~second intervals during the first minute, at
1~ to 5~minute intervals during the first hour, and
then in selected eyes at days 1, 2, and 8 after argon
laser delivery.

Optical coherence tomography permits high reso~
lution, cross~sectional, tomographic imaging of bio~
logic microstructure by directing a focused beam of
light into the biologic tissue and measuring the delay
time (echo delay) for the backscattered light to return
to the instrument. Light that is backscattered or
reflected from structural features at varying depths
within the specimen is measured to yield longitudinal
(depth) information on tissue structures. A cross~
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Argon Laser Beam Variables
Interval Between

Laser Lesion

and Enucleation
Energy

(mW)

Duration

(msec)

Retinal Spot Size

(",m)Lesion

10 500 200 50 1 hr

pendent on the optical properties of the structure.
Optical coherence tomography images have artifacts
that arise from optical attenuation with depth, shad,
owing, and refractive index effects. However, when
measurements are performed in a consistent manner,
these effects are considered part of the baseline. The
diagnostic power of the imaging technique relies on
detecting deviations from this baseline.

Lesions were identified, dissected from the fixed
posterior eye cups with a surrounding zone of non'
treated tissue, and marked so that the orientation of
the lesion could be determined during sectioning.
Tissue was embedded in Spun's resin, sectioned at a
1,IJ.m thickness, and stained with methylene blue for
light microscopy. Light micrographs of a horizontal
central section of each lesion were captured digitally
for analysis. The sections were photographed with
35,mm black,and,white film for publication.

Using Adobe Photoshop 3.0, the central horizontal
light micrograph was matched to the corresponding
in vivo optical coherence tomographic image for each
lesion. A 250,IJ.m measurement was recorded hori,
zontally and vertically on each light micrograph and
vertically on each optical coherence tomography
image. The light micrograph was then matched to the
optical coherence tomography image magnification.

sectional image of the specimen is constructed in a
manner similar to radar imaging by laterally scanning
the light beam through the specimen and displaying
longitudinal (depth) information from different adja-
cent transverse positions. Because the velocity of
light is extremely high, the echo delay time cannot be
measu~d directly by electronics; an optical technique
known as low-coherence interferometry is used. The
measurement system consists of a low-coherent,
superluminescent diode 840-nm light source in con-
junction with a fiber optic Michelson interferometer.
The optical detection method used in optical coher-
ence tomography yields very high sensitivity. The
system achieves a signal-to-noise ratio of 109 dB,
defined by measuring the maximum signal when the
optical beam is reflected from a highly reflective
mirror and dividing by the instrument noise level.
This signal-to-noise ratio also determines the dynam-
ic range that can be imaged. The fact that optical
coherence tomography uses low-coherence light and
detects light at selected echo time delays greatly
discriminates against the detection of light th~t is
multiply scattered.

Optical coherence tomography-generated images
are representations of tissue structure based on the
optical backscattered intensity, which is highly de-
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plish this, we used noninvasive optical coherence
tomography, which utilizes backscattering or reflec-
tions of light analogous to the way ophthalmic
ultrasound uses sound reflections to create an image.
We evaluated optical coherence tomography images
acquired from argon laser retinal lesions as they
evolved over seconds, minutes, and days after laser
delivery, compared these with light microscopic ap-
pearance, and found new information about the
initial evolution of retinal laser lesions.

METHODS

Macaca mulatta weighing from 3 to 4 kg were main~
tained at a laboratory animal facility fully accredited
by the American Association for the Accreditation of
Laboratory Animal Care. The animals were used in
accordance with federal regulations, the Care and Use
of Animals (National Institutes of Health publication
no. 86~23}, and the Association for Research in
Vision and Ophthalmology Resolution on the Use of
Animals in Ophthalmic and Vision Research.

Each animal was given a preanesthetic dose of 10
mg/kg of intramuscular ketamine hydrochloride and
0.25 mg/kg of subcutaneous atropine sulfate. Propara~
caine hydrochloride 0.5%, phenylephrine hydrochlor~
ide 2.5%, and tropicamide 1% were administered to
the treatment eye. Anesthesia was induced with an
initial dose of propofol ( up to 5 mg/kg} administered
to effect and maintained with 0.15 to 0.5 mg/kg/hour
of propofol via syringe pump. Heart rate, blood
pressure, temperature, and pulse were continuously
monitored. The airway was maintained with an
endotracheal tube. Peribulbar injection of 0.5 ml of a
50~50 mixture of lidocaine 2% and bupivacaine
0.75% with hyaluronidase was administered to the
treatment eye to reduce extraocular muscular move~
ment. The cornea was irrigated with sterile saline
solution as needed to prevent desiccation. At selected
time points, immediately before euthanasia and while

the animal was under deep anesthesia, the laser,
treated eye was enucleated. The animals were eutha,
nized while under deep propofol anesthesia, with an
overdose of pentobarbital administered intravenously.
The globe was incised anterior to the equator and
immersed in 3% glutaraldehyde with 0.1 M sodium
cacodylate buffer. Within 10 minutes, the posterior
eye cup was dissected while immersed.

Five eyes of three animals were used for the in vivo
and histologic study of 17 argon laser lesions. The
second eye of two animals received argon laser lesions
while under anesthesia, followed by euthanasia. All
17 argon laser lesions were fixed for histopathologic
evaluation. At the time of enucleation and fixation,
10 lesions were 1 hour old, two lesions were 1 day old,
two lesions were 2 days old, and three lesions were 8
days old. Because laser lesions are known to change
significantly during the first hour,5 lesions 1 day old
and older were used for the initial morphologic
comparison. The morphologic characteristics of the
older lesions would not be expected to change during
the hour between optical coherence tomography
imaging of the lesion and fixation.

Except as noted in the Table, lesions were created
with 330 to 500 m W of argon blue,green laser for 100
or 200 msec delivered to the cornea, with an estimat'
ed retinal spot size of 50 IJ.m. Before delivery, the
argon aiming beam and the optical coherence tomog,
raphy beam were colinearly aligned to ensure that the
horizontal optical coherence tomography scan would
fall over the center of the newly formed lesion. After
laser delivery, the location of the optical coherence
tomography scanning beam was monitored by a
videotape camera configured to the slit lamp. Optical
coherence tomography images were temporally ac'
quired in 5,second intervals during the first minute, at
1, to 5,minute intervals during the first hour, and
then in selected eyes at days 1, 2, and 8 after argon
laser delivery.

Optical coherence tomography permits high reso'
lution, cross,sectional, tomographic imaging of bio,
logic microstructure by directing a focused beam of
light into the biologic tissue and measuring the delay
time (echo delay) for the backscattered light to return
to the instrument. Light that is backscattered or
reflected from structural features at varying depths
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Figure 1. (Left) Light micrographs of I-day-old 380-m W argon laser retinal lesion with £Ull-thickness retinal damage
and splitting of the internal limiting membrane and the disrupted nerve fiber layer. Nasal retina is to the right side of the
image, where the nerve fiber layer is thicker. The retinal surface is domed over the lesion, with a necrotic central cleft in
each lesion associated with an artifact of focal fixation separation. Inner and outer nuclear layers demonstrate a curving
plane of displaced pyknotic nuclei domed over the central focus of more normal-appearing photoreceptors. At the
margins of the lesion are increased intracellular vacuoles and extracellular spaces. The underlying retinal pigment
epithelium demonstrates extensive intraretinal vacuoles and extracellular spaces. There is pigment displacement
centrally over the area of abnormal retinal pigment epithelium. (Right) Optical coherence tomography of the I-day
lesion at a site corresponding to the section at left. The inner retinal layer of increased relative higher reflectivity is
thicker at the nasal (right) side of the image and thins as the nerve fiber layer thins temporally. There is minimal sloping
elevation of the anterior retinal surface over the center of the lesion. It does not demonstrate any inner limiting
membrane or nerve fiber layer separation. There is a prominent focal loss of the normal retinal optical coherence
tomography pattern in the plexiform and nuclear layers centrally. The lesion demonstrates a focal site of higher
reflectivity corresponding to the necrotic photoreceptor site at the base of the lesion. This is surrounded by a zone of low
reflectivity at the lateral margins that corresponds to the area of increased vacuole formation and extracellular fluid. At
the temporal side of the lesion, there is a highly reflective area at the margin of the zone of low reflectivity at the level of
the photoreceptors. This appears to correspond to the area of additional dense necrosis beyond the site of vacuolization.

At 1 day, light micrographs (Figure 1, left) of the
lesions demonstrated full~thickness retinal damage,
with splitting of the internal limiting membrane and
the disrupted nerve fiber layer. The retinal surface was
domed over the lesions, with a necrotic central cleft
in each lesion associated with an artifact of focal
fixation separation. Inner and outer nuclear layers
demonstrated a curving plane of displaced pyknotic
nuclei over the central focus of more normal~
appearing photoreceptors. At the margins of the
lesion were increased intracellular vacuoles and extra~
cellular spaces. The underlying retinal pigment epi~
thelium demonstrated extensive intraretinal vacuoles
and extracellular spaces. Pigment was displaced cen~
trally over the damaged retinal pigment epithelium.

At 1 day, optical coherence tomography (Figure 1,
right) also demonstrated similar mild sloping eleva~

RESULTS

THE OPTICAL COHERENCE TOMOGRAPHY OF THE NOR-

mal primate retina at the margins of these lesions

appeared similar to that reported earlier.ll Focal layers

of relative high reflectivity corresponded to the loca-

tion of the nerve fiber layer at the innermost position

in the retina and to the choroid and retinal pigment

epithelium together at the outer extent of the section.

Additional layers of relative high reflectivity corre-

sponded to the location of the plexiform layers, and

layers of low reflectivity corresponded to nuclear and

photoreceptor layers.
The light micrographs of the laser lesions demon-

strated the classic appearance of argon laser retinal

effects, with damage ranging from moderate to severe,

full-thickness retinal damage.
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Figure 3. (Left) Light micrographs of 8,day,old 380,mW argon laser retinal lesion ,
macrophages and retinal pigment epithelium cells centrally within the lesion, with an outward bowing of the inner
nuclear layer as the chorioretinal scar develops. Nasal retina is to the right side of the image. (Right) Optical coherence
tomography of the 8,day lesion at a site corresponding to the section at left demonstrates high reflectivity, most
prominent centrally in the outer plexiform layer with a "V" configuration of the outer nuclear layer corresponding to
the distortion seen on histopathology. Where the photoreceptor outer segments have been replaced by fibrotic tissue,
there is a margin of high reflectivity with a central focus of low reflectivity. Nasal retina is to the right side of the image.

light micrograph demonstrated photoreceptors sepa'
rated from the retinal pigment epithelium by a serous
elevation. In this lesion, the optical coherence tomog'
raphy demonstrated a larger central site of low reflec,
tivity rimmed by high reflectivity, with no outward
bowing of the outer nuclear layer. At 8 days, optical
coherence tomography demonstrated no retinal eleva,
tion at the laser site.

The histopathology at 1 hour (Figure 4, left) was
compared with the optical coherence tomography of
the same lesion performed at 1 minute 12 seconds
after laser delivery (Figure 4, right). Thus there may
have been significant lesion evolution between the
recording of the optical coherence tomography and
the fixation of the tissue. One,hour light micrographs
of 380,mW, 100,msec argon lesions demonstrated
full,thickness retinal damage in all lesions. In one
lesion, there was massive displacement of outer retinal
layers and central clefting at the level of the outer
nuclear and outer plexiform layers, with minimal
marginal vacuolization (Figure 4, left), compared with
1, and 2,day,old lesions (Figures 1, left, and 2, top).
The optical coherence tomography (Figure 4, right)
of this lesion, taken at 1 minute 12 seconds after
argon laser delivery of the lesion seen in Figure 4, left,
demonstrated outer retinal high reflectivity extending

of retinal pigment epithelium and photoreceptors,
pyknotic photoreceptor nuclei, milder inner retinal
damage with focal vacuoles and clefting in the nerve
fiber layer, and no gross distortion of retinal layers.
The optical coherence tomography of the 2OO-m W
lesion at day 2 demonstrated focal high reflectivity
over the photoreceptor layer similar to that in Figure
2, bottom. The nerve fiber layer and inner plexiform
layer also had a smaller band of high reflectivity but
without any separation of inner retinal layers. There
was a zone of low reflectivity ill the retinal pigment
epithelium/choroidal layer directly beneath the laser
lesion.

At 8 days, the light micrographs demonstrated
pigment-containing macrophages and retinal pig-
ment epithelium cells centrally within the three
lesions (Figure 3, left). Fibrotic tissue replaced the
central focus of necrotic photoreceptors, with an
outward bowing of the inner nuclear layer in two
lesions (Figure 3, left), which corresponded to a
prominent "V" configuration centrally in the lesion
as viewed by optical coherence tomography cross-
section (Figure 3, right). Where the photoreceptor
outer segments were replaced by fibrotic tissue, there
was a margin of high reflectivity with a central focus
of low reflectivity (Figure 3, right). In one lesion, the
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Figure 4. (Left) Light micrographs of I-hour-old, 380-m W , lOO-msec argon laser retinal lesion demonstrates massive
displacement of outer retinal layers and central clefting at the level of the outer nuclear layer and outer plexiform layer.
There is £Ull-thickness retinal damage with minimal marginal vacuolization. Nasal retina is to the left side of the image.
(Right) Optical coherence tomography of the I-hour lesion performed at 72 seconds after laser delivery, at a site
corresponding to the section at left, demonstrates outer retinal high reflectivity extending through the outer plexiform
layer but no significant inner retinal changes, no low reflectivity in the retinal pigment epithelium/choroid, and no
retinal elevation. Nasal retina is to the left side of the image.

of intense high reflectivity that increased in size and
corresponded to the preretinal blood. There was an
intensely low reflectivity "shadow" behind this
high,reflectivity site, with no images of the typical
optical coherence tomography retinal layers (Figure 5,

bottom).
Optical coherence tomography of 16 lesions from 3

to 7 seconds through 1 minute after laser delivery,
and of 14 lesions through 15 minutes after laser
delivery, showed a similar pattern of lesion develop,
ment (Figure 6). The earliest change, first observed
between 3 and 22 seconds in 14 of 16 lesions (88%),
was a central zone of high reflectivity at the level of
the photoreceptors, with a perimeter of low reflectivity
at the level of the retinal pigment epithelium and
inner choroid (Figure 6, top right). The horizontal
size of the lesion did not change from that seen
initially. The high reflectivity quickly increased in
vertical size within the first 25 seconds, extending
from the outer nuclear layer through the nerve fiber
layer in 14 of 17 lesions (82%) (Figure 6, top right
and bottom left and right). All the lesions demon,

through the outer plexiform layer but no significant
inner retinal changes, no low reflectivity in the retinal
pigment epithelium/choroid, and no retinal elevation
(Figure 4, right). The other 1,hour lesions, when
examined by optical coherence tomography during
the first 1 to 4 minutes after argon laser delivery,
showed a similar pattern of optical coherence tomog'
raphy relative backscatter. The histopathology of the
other 1-hour lesions demonstrated full,thickness
damage and thickening of the retina over the center
of the lesion but not the massive displacement of
outer retinal layers and central clefting seen in Figure
4, left.

Another lesion fixed at 1 hour was a 500,m W ,
200,msec argon lesion that developed a subretinal
and vitreous hemorrhage within seconds after laser
delivery. In the light micrographs, the retina is
distorted by a large subretinal and intraretinal hemor,
rhage and has an overlying vitreous hemorrhage
greater than 150,JJ.m in thickness (Figure 5, top).
The optical coherence tomography of this lesion from
6 seconds through 15 minutes showed a bulging area
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Figure 5. (Top) Light micrographs of 1,hour,old, 500,mW, 200,msec argon laser retinal lesion demonstrates a large
subretinal, intraretinal, and vitreous hemorrhage. Retinal layers are grossly displaced by the blood. (Bottom) Optical
coherence tomography of the hemorrhagic lesion 3 minutes 40 seconds after argon laser delivery, at a site corresponding
to the section at top, demonstrates a bulging area of intense high reflectivity that corresponds to the mass of preretinal
blood. There was an intensely low reflectivity "shadow" behind this high reflectivity site, with no images of the typical
optical coherence tomography retinal layers.

strated this change within 3 minutes. Although
l~hour lesions demonstrated mild elevation of the
inner retinal surface with optical coherence tomogra~
phy, there was no retinal distortion, separation, or fold~
ing, as seen in the light micrographs (Figure 4, left).

DISCUSSION

CORRELATING THE HISTOLOGY OF NORMAL TISSUE AND

argon laser lesions in the M mulatta retina, we

demonstrated the alignment of distinctive retinal and
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Figure 6. (Top left) Optical coherence tomography of the macular site immediately before argon laser treatment. The
retinal layers (high reflectivity corresponding to nerve fiber and plexiform layers, low reflectivity corresponding to
nuclear and photoreceptor layers) are typical of the primate macula. The nasal retina is to the left side of the image,
although farther from the optic nerve than is the lesion in Figure 1. (Top right) Optical coherence tomography of the
380-mW argon laser retinal lesion at 13 seconds demonstrates a central zone of high reflectivity at the level of the
photoreceptors, with a perimeter of low reflectivity at the level of the retinal pigment epithelium and inner choroid.
(Bottom, left and right) These optical coherence tomography images demonstrate no change in the horizontal size of the
lesion compared with that seen initially at top right. The high reflectivity quickly increased in vertical size within the
first 25 seconds (top right and bottom left), extending from the outer nuclear layer through the nerve fiber layer within
11 minutes (bottom right). A border of low reflectivity extends into the choroidal layer beneath the central lesion at 11
minutes.

choroidal elements to particular zones of high reflec~

tivity and low reflectivity identified on optical coher~

ence tomography. This allowed us to analyze changes

in optical coherence tomography images acquired

over time to map the development of retinal laser

lesions.

The morphologic characteristics of the primate

retina are similar to those of the human retina. As with

all dehydrated histopathologic sections, size is affected

by tissue dehydration, and by the embedded tissue

stretching when strips are sectioned. Analyzing nor~

mal retinal tissue, we consistendy found a 5% to 12%

increase in size of the final light microscopic image

relative to optical coherence tomography image size

(Toth CA, Narayan DO, Boppart SA, et al, unpublish~
ed data correlating optical coherence tomography and

histopathology of normal primate retina, 1996). The

thermally mummified argon laser lesions may respond

differently to fixation because of changes in penetra~

tion of fixative into the lesion. Several of our laser

lesions demonstrated clefting and thickening when the

sections of fixed tissue were examined using light micro~

scopy. Optical coherence tomography verified some

thickening of retinal laser lesions in vivo and demon-
strated in vivo clefting of the nerve fiber layer in one
lesion. This study demonstrates that optical coherence
tomography can assess laser tissue effects at a level
similar to but with less resolution than light microsco-
py but, most importandy, without the artifacts intrin-
sic to fixation of the tissue. Many of the significant
light microscopic findings were clearly illuminated by
the in vivo optical coherence tomography.

Because optical coherence tomography reflective
responses and comparable light microscopic images
used very different approaches to view cellular ele-
ments, the two did not directly compare. Light
microscopy, with the variable staining of fixed tissue,
in this case by methylene blue dye, can display
subcellular microscopic structure. The optical coher-
ence tomography imaging system, on the other hand,
does not rely on the same methods of tissue differenti-
ation that histopathology does. Optical coherence
tomography, analogous to ultrasound with its path-
way of incoming and outgoing signal from a tested
tissue, can display focal variations in interferometry
from the tissue at a resolution of 10 ~m. Optical
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phase provided us with new data about the earliest
tissue response to laser treatment. Our analysis dem-
onstrated clearly that some retinal thickening does
occur by 1 hour over retinal laser sites at the fluences
delivered and that later inner retinal layer splitting
also occurs in vivo. We also demonstrated that the
earliest retinal effects from argon laser can be seen
across the entire breadth of the lesion within seconds
after laser delivery, whereas the inner retinal respons-
es, at least as measured by changes in relative reflec-
tivity, are delayed by additional seconds to minutes.
Vacuoles of fluid surrounding the laser lesion, seen as
a margin of relative low reflectivity around the mar-
gins of the highly reflective central lesion, were
minimal during the first minutes after laser delivery
and increased at 1 and 2 days after laser delivery .The
8~day correlation of the evolution of retinal lesions
further demonstrated the association between focal
areas of high reflectivity and the presence of retinal
pigment epithelium cells that had migrated within
the retina. Applying additional image analysis tech-
niques to the patterns of evolving changes in reflectiv-
ity at specific retinal sites may allow us to use these
patterns as the hallmark of a specific pathologic
process, such as increasing edema at the margin of an
argon laser lesion.

This nonincisiofial, noncontact method of evalua-
tion of retinal disease, injury I or response to therapy
may be applied in future animal studies of the retina.
With sequential imaging of retinal lesions with opti-
cal coherence tomography, rather than excision of
lesions and euthanasia of study animals at numerous
time points to obtain the same sequential data,
smaller numbers of animals may be required for
research.

This study provides clinicians and researchers with
a clinicopathologic correlation of optical coherence
tomography images with microscopic pathology of
laser lesions, which improves our general understand-
ing of the interpretation of optical coherence tomog-
raphy images of patients with retinal disease. Thus far I
researchers have inferred, from their knowledge of
classic histopathology, the possible pathologic pro-
cesses that have resulted in the optical coherence
tomography images.II-17 Our clinicopathologic corre-
lation in the primate demonstr;ated the association
between specific sites of optical coherence tomo-
graphy~imaged high reflectivity and low reflectivity

coherence tomography assesses relative sites of high
and low reflectivity of tissue as measured by signal
returned to the instrument. Laser energy may be
removed by absorption in the tissue layer under
analysis, lateral scattering that is not returned to the
probe, and extensive absorption or scatter in media
between the optical coherence tomography probe and
the site of interest, preventing optical coherence
tomography imaging of this site. Thus, in contrast to
cross-section histopathology, with optical coherence
tomography we saw shadowing from highly reflective
material, such as vitreous hemorrhage (Figure 5,
bottom) and retinal pigment epithelium, with loss of
an image in deeper layers, such as the retina beneath
the blood and the choroid beneath the retinal pig-
ment epithelium. Because of the dense pigmentation
of the retinal pigment epithelium and choroid in M
mulatta, the loss of optical coherence tomography
image in the choroid in the normal retina in our study
(Figure 6, top left) may have occurred at a shallower
penetration compared with optical coherence tomog-
raphy images of some patients.12-14

A site of morphologic abnormality evidenced on
light microscopy did not necessarily demonstrate any
abnormality when assessed by optical coherence
tomography. This was seen at several sites of milder
inner retinal damage that did not appear as a signifi-
cant aberration from normal on optical coherence
tomography. The reverse was also demonstrated:
there were focal sites of intense high reflectivity
corresponding to the photoreceptors damaged cen-
trally in the laser lesion when viewed by optical
coherence tomography, yet light microscopy demon-
strated only mild morphologic changes in the dam-
aged photoreceptors at 1 day. Perhaps the optical
coherence tomography identified a change in the
tissue reflectivity that cannot be measured by light
microscopy. This study only begins to identify the
tissue components affecting the reflectivity response.
In future applications, analysis of the output signal
from the tissue in response to varying optical coher-
ence tomography laser energy input may allow us to
identify some of the factors, such as absorption,
refractive index, and scattering, that determine the
optical coherence tomography image.

Delineating early morphologic changes at a laser
lesion site by optical coherence tomography sampling
from the moment of impact throughout the healing
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and corresponding microscopic pathology, thus
improving our clinical acumen in applying this tech-

nology.
Our method of rapid-sequence optical coherence

tomography, although limited by resolution, provided
a sequential cross-sectional image of laser lesion
development that also improved our understanding of
the evolving tissue response to thermal laser injury. In
the earliest time period, there was a lack of lateral
spread of the retinal lesion by optical coherence

tomography despite significant vertical evolution of
the full-thickness lesions. Over a longer time frame, a
variety of healing responses to the laser injury, from
vacuole formation to cellular infiltration and tissue
contraction, was sequentially mapped. Thus we could
view the earliest tissue response to a laser dose
continuously at that site from the first seconds
onward, and we could monitor the timing and extent
of the healing response to the initial insult. This
demonstrates the potential future uses of optical
coherence tomography in ophthalmic research and
clinical care to follow acute and long-term macular
response to an injury I a disease process, or an ocular
therapy. Building on our use of this system to obtain
novel sequential information about immediate retinal
laser effects, surgeons may eventually use optical
coherence tomography data to identify an endpoint
or provide direct feedback during laser treatment of
macular disease.
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