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ABSTRACT.

Purpose: To study healing of retinal laser lesions in patients undergoing PRP
using SD-OCT.

Methods: Moderate, light and barely visible retinal burns were produced in
patients with proliferative diabetic retinopathy scheduled for PRP using 100-,
20- and 10-ms pulses of 532-nm laser, with retinal spot sizes of 100, 200 and
400 pum. Lesions were measured with OCT at 1 hr, 1 week, 1, 2, 4, 6, 9 and
12 months. OCT imaging was correlated with histology in a separate study in
rabbits.

Results: Lesions produced by the standard 100-ms exposures exhibited steady
scarring, with the damage zone stabilized after 2 months. For 400- and 200-
um spots and 100-ms pulses, the residual scar area at 12 months was approxi-
mately 50% of the initial lesion size for moderate, light and barely visible
burns. In contrast, lesions produced by shorter exposures demonstrated
enhanced restoration of the photoreceptor layer, especially in smaller burns.
With 20-ms pulses, the damage zone decreased to 32%, 24% and 20% for
moderate, light and barely visible burns of 400 um, respectively, and down to
12% for barely visible burns of 200 um. In the 100-um spots, the residual scar
area of the moderate 100-ms burns was 41% of the initial lesion, while barely
visible 10-ms burns contracted to 6% of the initial size. Histological observa-
tions in rabbits were useful for proper interpretation of the damage zone
boundaries in OCT.

Conclusions: Traditional photocoagulation parameters (400 yum, 100 ms and
moderate burn) result in a stable scar similar in size to the beam diameter.
Restoration of the damaged photoreceptor layer in lighter lesions produced by
shorter pulses should allow reducing the common side-effects of photocoagula-
tion such as scotomata and scarring.
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Introduction

The Diabetic Retinopathy Study estab-
lished panretinal photocoagulation
(PRP) as an effective treatment for
proliferative diabetic retinopathy (ET-
DRS, 1991). While the exact mecha-
nism of laser treatment is still debated,
one working assumption is that panre-
tinal photocoagulation reduces ischae-
mia and decreases the production of
angiogenic factors in the poorly per-
fused portions of the retina by killing a
fraction of the retinal cells and thus
lowering the metabolic load (Jennings
et al. 1991; Ishida et al. 1998; Spranger
et al. 2000; Sanchez et al. 2007). Pho-
toreceptors are the most numerous and
metabolically active cells in the retina
with high oxygen consumption. The
inner retinal cells (INL and GCL) rep-
resent <10% of the number of photo-
receptors (Jonas et al. 1992; Aggarwal
et al. 2007), so additional damage to
the inner retina is unlikely to signifi-
cantly improve clinical efficacy. Other
theories include improvement of oxy-
genation and metabolic transport
between choroid and retina by creating
photoreceptor-free  glial ‘windows’
(Stefansson et al. 1981; Molnar et al.
1985; Pournaras et al. 1990; Stefansson
2006), and stimulation of RPE and

choroidal cells by thermal stress
(Mainster & Reichel 2001).
Traditionally, photocoagulation

with a 514- or 532-nm laser was pro-
duced using pulses of 100-200 ms in
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duration and spot sizes ranging from
200-500 ym (ETDRS 1987a,b). Such
long-pulse  photocoagulation often
causes damage not only to photore-
ceptors but also to the inner retina
and even nerve fibre layer (Schatz
et al. 1991). Retinal scarring following
conventional photocoagulation may
enlarge over time, causing additional
loss of visual field (Schatz et al. 1991;
Maeshima et al. 2004).

Recently, a new method of retinal
photocoagulation has been intro-
duced, in which patterns of spots are
applied with a single press of a foot
pedal using a scanning laser with
pulse durations in the range of 10—
30 ms (PASCAL; Topcon, USA) (Blu-
menkranz et al. 2006). As heat diffu-
sion with shorter exposures is
decreased, these lesions tend to be
lighter and smaller than conventional
burns and have better localization of
the damage to the outer retina (Jain
et al. 2008; Paulus et al. 2008; Nagpal
et al. 2010; Palanker et al. 2011). As
lighter lesions tend to be smaller (Jain
et al. 2008), a larger number of such
spots should be applied to coagulate
the same total area of the retina dur-
ing PRP (Palanker et al. 2011).

Studies of retinal healing after pho-
tocoagulation in animals demonstrated
remarkable shift of photoreceptors
from adjacent untreated areas into the
coagulated zone, restoring continuity
of the photoreceptor layer in lighter
and smaller lesions (Paulus et al. 2008;
Belokopytov et al. 2010). Spectral
domain optical coherence tomography
(SD-OCT) has been applied to follow
up retinal lesions in patients. However,
these studies were limited to larger ret-
inal spot sizes (300-400 um) and only
6-month follow-up (Kriechbaum et al.
2010; Mugqit et al. 2011).

This study describes the acute mor-
phology of retinal photocoagulation
lesions and their healing over a 12-
month follow-up period. It explores
the whole range of clinically relevant
spot sizes, pulse durations and clinical
grades. SD-OCT is initially correlated
with histology in animal models and
then applied to patients undergoing
PRP. The study demonstrates restora-
tion of retinal anatomy over time in
smaller and lighter lesions, which may
allow minimizing or even completely
avoiding the current detrimental side-
effects of retinal laser therapy — scoto-
mata and scarring.

Methods

OCT-histology correlation study

Two pigmented Dutch Belted rabbits
(1.5-2.5 kg) were used in accordance
with the ARVO Statement Regarding
the Use of Animals in Ophthalmic and
Vision Research after approval from
the Stanford University Animal IRB.
The rabbits were anesthetized using
ketamine hydrochloride (35 mg/kg),
xylazine (5 mg/kg) and glycopyrrolate
(0.01 mg/kg) administered intramus-
cularly 15 min before the procedure.
Pupillary dilation was achieved by one
drop each of 1% tropicamide and
2.5% phenylephrine hydrochloride.
One drop of topical tetracaine at
0.5% was instilled in each eye before
treatment.

Laser photocoagulation was con-
ducted using PASCAL Streamline
laser (Topcon Medical Laser Systems,
Santa Clara, CA, USA) and a Main-
ster wide field retinal laser contact
lens (Ocular Instruments, Bellevue,
WA, USA), which provides retinal
beam size equal to the aerial in a rab-
bit eye. Power and duration were
titrated to produce intense, moderate,
light and barely visible burns with
400-um beam. Retinal lesions were
imaged at 1 hr, 1week, 1 and
2 months with SD-OCT (Spectralis;
Heidelberg Engineering, Heidelberg,
Germany). After 2 months, eyes were
enucleated and fixed for light micros-
copy (LM). Direct correlation between
OCT and histology was performed at
various time-points to determine the
interpretation of various tissue layers,
the edges of the damage zone and
boundaries of the glial plug in the
lesion. Armed with this knowledge,
we could then quantify the retinal
lesions measured with OCT in human
patients over time. In particular, we
evaluated the width of damage zone
at the RPE-photoreceptors junction,
the presence of the inner/outer seg-
ments junction line and abnormalities
in the inner retina.

Patient selection and clinical study design

A prospective, interventional, open-
label trial was conducted with prolif-
erative diabetic retinopathy patients
scheduled for PRP. The study was
conducted according to tenets of the
Declaration of Helsinki with approval

from the Federal University of Sao
Paulo Ethics and Research Committee
and was registered at clinicaltrials.gov
(NCTO01304225). All patients gave
their informed consent. OCT was
performed immediately after photoco-
agulation, 1 week, 1, 2, 4, 6, 9 and
12 months after treatment. PRP was
completed after 1 month of the initial
treatment.

Treatment procedures

Photocoagulation ~ was  performed
using PASCAL laser (532-nm wave-
length). With the area centralis contact
lens (magnification x0.94; Volk, Men-
tor, OH, USA), aerial beam diameters
of 100, 200 and 400 pum corresponded
to retinal beam diameters of 94, 188
and 376 um, respectively. Lesions of
‘moderate’ clinical grade were pro-
duced with 100-ms pulses using 100-,
200- and 400-um beam. As the laser
power could not be decreased below
100 mW, the ‘light’ and ‘barely visible’
lesions could only be produced with
100-ms exposures using the 400-um
spot, but not with 200 and 100 um.
With 20-ms pulses, all three clinical
grades — ‘moderate’, ‘light’ and ‘barely
visible’ — were produced with all 3
beam sizes. Laser power for each pulse
duration was first titrated peripheral
to retinal arcades to create a moderate
(white-grey) lesion, and then, the same
power was used to create two moder-
ate lesions temporal to the macula
over 3500 um away from the fovea.
For light and barely visible burns,
power was reduced by 25% and 50%,
respectively, from the moderate 20-ms
lesions. Owing to the 100-mW limita-
tion on the minimum laser power, the
100-um barely visible burn was pro-
duced using 10-ms pulse duration.

Measurement of lesion size with OCT

The SD-OCT was used to measure
the width of the acute coagulated zone
within 1 hr of the procedure. The
largest width of the damage zone at
the RPE-photoreceptor junction was
measured by a single examiner using
the caliper provided by the Heidelberg
Eye Explorer software (Heidelberg
Engineering). In addition, the borders
of the hyper-reflective lesion at the
RPE—photoreceptor junction, position
of external (outer) limiting membrane
(ELM) and the line of the inner/outer




photoreceptors segments junction were
noted. Scan averaging was applied to
reduce speckle noise and improve res-
olution and identification of intrareti-
nal details. The use of an image
tracking system (TruTrack™; Heidel-
berg Engineering) enabled measure-
ment of the same retinal area on each
follow-up visit, ensuring proper assess-
ment of progressive changes of the
lesion size during the study. The axial
resolution of 7 um and transverse res-
olution of 14 um rendered the acquisi-
tion of high-quality images that
allowed the study of the retinal and
laser burn morphology in detail (Kri-
echbaum et al. 2010).

Statistical analysis

Data are reported as mean + stan-
dard deviation (SD) for laser beam
diameter, the ratio of the lesion to
beam size and the residual lesion area.
The statistical analysis was performed
using the statistical packages Statal2.0
(StatCorp, College Station, TX, USA)
and Statistica 8.0 (Statsoft, Inc.,
Tulsa, OK, USA). The Friedman’s
analysis of variance was used to eval-
uate the changes in the lesion size
within each treatment group through-
out the study. The lesion size at each
follow-up visit was compared between
groups using the Kruskal-Wallis test.
Owing to multiple comparisons, the
significance level was set at 0.01 rather
than 0.05.

Results

OCT-histology correlation study

Two pigmented (Dutch Belted) rabbits
were included in this experiment, and
a total of 200 lesions were analysed
with OCT and histologically with light
microscopy (LM). Intense and moder-
ate burns appeared clinically with a
white centre and grey rim. Light burns
had a smaller, central, white burn
with larger grey rim. The barely visi-
ble lesions only had grey discoloration
of the retina.

Intense and moderate burns induced
acute damage to the whole retina
thickness with disruption of the nerve
fibre layer and bulging of the inner ret-
ina on OCT and LM (Fig. 1A,B). Dis-
ruption of the inner and outer nuclear
layers seen on histology appeared on
OCT as increased reflectivity bands.

100 um

Fig. 1. Light microscopy and OCT of intense and barely visible 400-um laser burn in rabbit ret-
ina. (A) Acute intense burn exhibiting damage to outer segments and photoreceptor nuclei, vac-
uolization (white arrow), separation of IS/OS layer and ONL, disruption of OPL, INL and
IPL, as well as marked oedema of the nerve fibre layer. Edge of the damage zone can be identi-
fied as intense oblique line in photoreceptors layer as well pyknotic nuclei in the ONL (black
arrow). (B) OCT of acute intense burn with a hyper-reflective line in the outer segments area
(black arrows) and hyporeflective zone of vacuolization (white arrow), disruption of normal
outer and inner retina architecture and oedema. (C and D) LM and OCT appearance of intense
burn at 2 months exhibiting total loss of photoreceptors and presence of glial plug in the centre
of the burn (black arrows). (E and F) Acute LM and OCT features of barely visible burn with
localized effect in the outer retina and well-defined borders of the damage zone having mild
coagulation of the inner/outer segments and pyknotic photoreceptors nuclei (white arrow) cor-
relating with a hyper-reflective vertical band on OCT (black arrows). (G and H) After
2 months, there is a complete restoration of photoreceptors layer. IS/OS junction line can be
clearly seen in OCT (white arrow), and RPE hypertrophy and irregularity is identified on both
LM and OCT (vertical white arrow).
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Vacuolization and separation of the
outer nuclear layer from photorecep-
tors corresponded to a low reflectivity
space on OCT. Damage to the photo-
receptor segments in the centre of the
intense and moderate burns appeared
as a highly reflective band above RPE.
The demarcation line between the
damaged and normal photoreceptors
seen in LM appeared as a hyper-reflec-
tive oblique band on OCT (Fig. 1A,B).
This feature was used for the measure-
ment of the lesion width in the follow-

ing human studies. After 2 months,
there was a significant central gliotic
scar, which appeared hyper-reflective
on OCT. Glial origin of the retinal scar
tissue was previously demonstrated by
immunohistochemical analysis demon-
strating GFAP (glial fibrillary acidic
protein) expression between 3 days
and 4 months (Leung et al. 2010). The
lack of photoreceptors in this area
could be identified by the absence of
the inner/outer segment layer on OCT
(Fig. 1C,D).
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Light and Dbarely visible burns
affected mainly the RPE and photore-
ceptor layers, including the outer
nuclear layer (ONL). A distinct area
with increased reflectivity was clearly
visible in OCT, corresponding to dam-
aged photoreceptors: their inner/outer
segments and  pyknotic  nuclei
(Fig. 1E,F). In 2 months, a complete
resolution of damage in photoreceptor
layer of the barely visible lesions was
observed, including restoration of
ELM and IS/OS layer, as identified
by OCT. However, a hyper-reflective
irregularity in the RPE layer could
still be observed, which correlated
with hypertrophic RPE changes on
LM (Fig. 1G,H).

Clinical study

Thirty eyes of 22 patients with PDR
were included, and a total of 520
lesions were measured with SD-OCT.
Seventy-two per cent of all patients
were white, 9% black and 19% mixed;
73% were men and 27% were women.
Mean age was 54 years (range 19-70).
Average laser powers (mW) for differ-
ent photocoagulation clinical end-
points, pulse duration and spot sizes
are summarized in Table 1. Lesions of
the light and barely visible clinical
grades were not applied with 100-ms
pulses using 200- and 100-um spot
sizes because the minimum laser
power (100 mW) was too high. After
the correlation experiment in rabbits,
the retinal layers and laser burn
boundaries were defined on OCT as
shown in Fig. 2, and the damage zone
width was measured according to
these features.

400-um spot size

A total of 240 laser lesions were
applied with 400-um spot size, 40 for
each clinical end-point and pulse
duration (moderate, light and barely
visible with 100- and 20-ms pulses).
Changes in the retinal reflectivity

e A

_

Fig. 2. (A) OCT of a laser lesion in human retina 3 months after photocoagulation. (B) Reti-
nal layers are outlined with dark and white dashed lines. Laser damage zone at the RPE—pho-
toreceptor junction is indicated by two arrows connected with a white line. ILM, internal
limiting membrane; GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear
layer; OPL, outer plexiform layer; ONL, outer nuclear layer; ELM, external limiting mem-
brane; IS/0S, inner/outer segments junction line; RPE, retinal pigment epithelium.

immediately following the moderate
100-ms exposures included increased
reflectivity in the RPE, outer and
inner retina layers (Fig. 3B). Retinal
thickness increased at the burn site, a
hyper-reflective band could be seen at
the ganglion cell layer (GCL) and
nerve fibre layer (NFL), a hyporeflec-
tive area appeared at the outer nuclear
layer (ONL), and the inner/outer
(IS/OS) photoreceptor segments junc-
tion line disappeared. Light 100-ms
burns also presented a hyper-reflective
band in the RPE and photoreceptors,
but there was less retinal thickening,
reduced hyper-reflectivity in the nerve
fibre layer and no hyporeflective area
in the outer nuclear layer. Changes in
the barely visible 100-ms burns were
limited to hyper-reflectivity in RPE
and photoreceptors. Mean lesion
diameters with 100-ms exposures were
538 £+ 35, 446 +£ 50 and 370 + 36
um for moderate, light and barely vis-

ible lesions, respectively (p < 0.001)
(Fig. 4).

For all clinical grades, the lesions
produced with 20-ms pulses were smal-
ler than with 100 ms and had less
inner retinal damage. RPE and photo-
receptors  still exhibited increased
reflectivity. Moderate burns had
slightly enhanced reflectivity in the
GCL. Changes in the light and barely
visible 20-ms lesions were limited to
focal detachment of the RPE and
enhanced reflectivity of the photore-
ceptor layer, while the inner retina was
perfectly preserved (Fig. 3H,K). Mean
lesion diameters were 430 £ 33,
367 + 35 and 279 + 44 um for mod-
erate, light and barely visible lesions,
respectively (p < 0.001) (Fig. 4).

Subsequent measurements at
1 week, 1, 2, 4, 6, 9 and 12 months
demonstrated a continuous process of
contraction and stabilization of a scar
(Figs 4 and 5). The 100-ms Iesions

Table 1. Mean laser power (mW) for different photocoagulation clinical end-points, pulse duration and spot sizes.

Moderate Light Barely visible Moderate Light Barely visible Barely visible
100 ms 100 ms 100 ms 20 ms 20 ms 20 ms 10 ms
100 pm 160 + 24 - - 215 + 45 150 + 26 - 112 £ 17
200 pm 175 + 47 - - 268 + 57 183 + 40 133 + 26 -
400 pm 277 + 53 220 + 74 167 + 42 467 + 86 372 +£ 59 260 + 41 -

Data are shown as mean (mW) +SD.




Maod. 100 milliseconds

Mod. 20 milliseconds

Light 20 milliseconds

B.V. 20 milliseconds

12 months

Fig. 3. Acute and 12-month 400-um laser burns. First row shows acute clinical (A) and OCT (B) appearance of a moderate 100-ms burn, and 12-
month follow-up (C). White arrows indicate the scarring area absent of the IS/OS layer. Second row shows acute a moderate 20-ms burn (D-F).
Third and forth (G-L) rows show acute and 12-month results of light and barely visible 20-ms burns, which demonstrates initial damage (hyper-

reflectivity) limited to only outer retina, and significant restoration of the outer retina at 12 months.

decreased only during the first
2 months, while the 20-ms lesions con-
tinued to contract, as plotted in
Fig. 4. Moderate 100-ms lesions
showed the greatest residual damage
at 12 months, with peripheral defect
of surrounding IS/OS layer and trac-
tion to the external limiting mem-
brane, with an overall decrease in the
retinal thickness, disruption of normal
nerve fibre layer, ganglion cell inner
nuclear and outer plexiform layer
(Fig. 3C). The outer nuclear layer,
external limiting membrane and
IS/0S junction line were absent in the
lesion, and RPE was highly irregular
in its centre. The moderate, light and
barely visible 100-ms lesions con-
tracted to 52%, 50% and 48% of the
original area, respectively (p < 0.001)
(Fig. 4). The lesion/beam ratio of
100-ms exposures at 12 months was
1.0, 0.85 and 0.66, corresponding to

the final lesion diameters of 383 + 11,
319 + 43 and 250 +£ 20 um, respec-
tively. Lesion/beam ratios for all
lesions throughout the follow-up per-
iod are shown in Table 2.

As shown in Fig. 5 for a light 400-
um, 20-ms burn, the hyperpigmented
zone in the outer retina decreased in
width during the healing process. At
1 week, the INL shifted down in the
lesion, but over time was elevated
back towards its normal position. A
progressive contraction of the hyper-
reflective area in the outer retina
could be seen, with some restoration
of the IS/OS line at the periphery of
the damaged zone. Hyper-reflective
area remained in the large central part
of the lesion.

At 12 months, the damage zone in
photoreceptor layer in the moderate,
light and barely visible 20-ms lesions
contracted to 32%, 24% and 20% of

the initial lesion area, respectively
(p < 0.001) (Fig. 4). The lesion/beam
ratio at 12 months for 20-ms expo-
sures was 0.63, 0.46 and 0.29, and
final lesion diameters of 240 + 24,
176 + 26 and 112 £+ 28 um for mod-
erate, light and barely visible grades,
respectively.

200-pm spot size

A total of 140 laser lesions were
applied with 200-um spot size, 20 for
100-ms moderate grade and 40 for
moderate, light and barely visible 20-
ms exposures. Similar morphologic
characteristics as with 400-um spot
size were detected immediately after
the laser treatment (Fig. 6). With 20-
ms exposures, all the clinical grades
presented changes in reflectivity lim-
ited to the photoreceptor layer. As
shown in Fig. 4, acute lesion diame-
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Fig. 4. Lesion diameter and the residual lesion area relative to its initial size for 400-, 200- and 100-um laser burns produced by 100-, 20- and 10-
ms exposures, plotted as a function of time. Data are shown as mean and standard deviation.

Table 2. Lesion/beam ratio for different photocoagulation clinical end-points, pulse duration, spot sizes and healing time.

400 um 200 um 100 um

Follow-up, Mod Light Bv Mod Light Bv Mod Mod Light Bv Mod Mod Light Bv
months 100 ms 100ms 100ms 20ms 20ms 20ms 100ms 20ms 20ms 20ms 100ms 20ms 20ms 10 ms
0 1.43 1.18 0.98 1.14 0.97 0.74 2.07 1.49 1.24 0.92 3.37 2.50 2.07 1.64
0.25 1.18 1.02 0.83 0.92 0.77 0.60 1.70 1.21 1.05 0.79 2.59 1.88 1.57 1.21
1 1.12 0.96 0.79 0.81 0.71 0.57 1.76 1.26 0.94 0.63 2.48 1.74 1.39 0.99
2 1.07 0.88 0.74 0.77 0.64 0.48 1.77 1.20 0.92 0.60 2.32 1.53 1.22 0.83
4 1.05 0.89 0.72 0.71 0.52 0.40 1.80 1.11 0.81 0.50 2.29 1.43 1.10 0.73
6 1.05 0.87 0.68 0.68 0.55 0.35 1.71 1.00 0.70 0.42 2.25 1.43 1.10 0.73
9 1.04 0.84 0.68 0.66 0.52 0.33 1.59 0.92 0.67 0.36 2.15 1.14 0.85 0.47
12 1.01 0.83 0.66 0.63 0.46 0.29 1.50 0.86 0.62 0.32 2.07 1.06 0.81 0.40

Mod = moderate; BV = barely visible. Data are shown as mean.

— €320

ters were 390 + 41, 280 + 20, 234 +
17 and 174 £ 17 um, corresponding
to the lesion/beam ratio of 2.07, 1.49,
1.24 and 0.92 for moderate 100 and
20 ms, light and barely visible 20 ms,
respectively (p < 0.001).

After 1 week, there was a significant
decrease in lesion size for all end-
points and pulse durations. All lesions
continued to decrease in size during
the 12-month follow-up period, as
shown in Table 2 and in Fig. 4. Final

lesion diameters at 12 months were
283 + 15, 162 + 28, 117 + 23 and
60 £ 10 um. The relative residual
area at 12 months, compared with the
initial lesion size, was 50% for the
moderate 100 ms, and 33%, 25% and
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acute 3 months 12% for the moderate, light and
barely visible 20 ms, respectively
(p < 0.001). At 12 months, the barely
visible burns demonstrated restoration
of the external limiting membrane and
almost normal appearance of the
outer nuclear and plexiform layers,
with localized hyper-reflectivity only
to RPE and IS/0OS junction (Fig. 6l).

100-um spot size

A total of 140 laser lesions were

m— lied with 100-um spot size: 20 for
12 th app Hm- Sp
§,month MoniS 200 um moderate 100 ms, 40 for moderate and
¢ s T light 20 ms, and 40 for barely visible
‘.t ’ 1
v i‘i‘ﬂ':.‘f — 10 ms. The 10-ms pulses were applied

ar to create barely visible burns because
m the 100 mW low limit of laser power
- in PASCAL was too high for 20-ms

. . . . ) pulses. As shown in Fig. 7, all the 100-
Fig. 5. OCT of light 20-ms 400-um laser burn at various time-points: acute (A), 1 week (B),

1 month (C), 3 month (D), 6 months (E) and 12 months (F). Two white arrows connected by a um lesions exhibited changes limited
line show the width of the damage zone at the photoreceptor/RPE junction. Note progressive to RPE, photorec.eptor.segments and
restoration of retinal layers architecture over time with limited disruption of the inner retina at ONL. Acute lesion diameters were
12 months and significant contraction of the damage zone with partial restoration of ELM and 317 £ 47, 235 + 30, 195 + 23 and
I1S/0S junction line. 154 £ 23-uym for moderate 100-ms,
moderate and light 20-ms, and barely
visible 10-ms exposures, respectively
Acute 12 months (p < 0.001) (Fig. 4).
. All lesions contracted over time,
with the final diameters at 12 months
reaching 195 £ 29, 99 £+ 11, 76 + 11
and 38 £ 6 um, corresponding to the
lesion/beam ratio of 2.1, 1.1, 0.81 and
0.40, respectively. The residual area of
these lesions at 12 months was 41%,
20%, 15% and 6% of the initial
lesions, respectively (p < 0.001)
(Fig. 4 and Table 2).

Meod. 100 milliseconds

‘Mod. 20 milliseconds

Discussion

Light 20 milliseconds The present study provides a compre-
hensive assessment of long-term
changes in retinal photocoagulation
lesions produced with various spot
sizes, pulse durations and clinical
grades in patients, using high-resolu-
tion OCT. Although SD-OCT is
widely used in clinical practice as a
reliable tool for measurement of reti-
nal anatomical characteristics and
pathology, identification of the lesion
boundaries is not yet standardized.
Therefore, we conducted an animal

correlation study to properly relate
Fig. 6. Two hundred micrometer laser burns. First row shows acute clinical (A) and OCT (B) the optical characteristics of the tissue
appearance of a moderate 100-ms burn and its 12-month follow-up (C). Second row shows
acute clinical and OCT images (D and E) of a moderate 20-ms burn and its 12-month appear-
ance (F). Note partial restoration of ELM. Third and forth (G-L) rows show barely visible

B.V. 20 milli

to actual morphological changes
observed with histologically in laser

20-ms burn, with acute damage limited to outer retina. Note a significant healing of photore- lesions. . o
ceptors layer (white arrow — IS/OS junction line), more significantly for barely visible burn at Restoration of RPE continuity
12 months. within days after photocoagulation
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Acute 12 months
Mod. 100 milliseconds ﬁm! “mm

Mod. 20 milliseconds

B.V. 10 milliseconds

Fig. 7. One hundred micrometer laser burns. First row shows acute clinical (A) and OCT (B)
appearance of a moderate 100-ms burn and its 12-month follow-up (C). Retinal damage is lim-
ited to the photoreceptors layer and RPE in all laser lesions. Second and third rows show acute
clinical (D, G), acute and 12-month OCT (E-I) images of the moderate and light 20-ms lesions.
Forth row shows acute (J-K) and 12-month (L) results with a barely visible 10-ms burn, dem-
onstrating the most significant healing of IS/OS junction line (white arrow), with some residual

RPE irregularities (vertical white arrow).

was demonstrated in rabbits by reso-
lution of fluorescein hyperfluorescence
over the laser spots and histologically
(Wallow 1984; Paulus et al. 2008),
while in human patients, it was con-
firmed using OCT and angiography
(Mugit et al. 2011).

Studies of retinal healing after pho-
tocoagulation in rabbits (Paulus et al.
2008) and rats (Belokopytov et al.
2010) demonstrated contraction of the
damage zone in photoreceptors layer
in lesions of all clinical grades. Barely
visible and subvisible burns produced
with 200-um spot sizes exhibited com-
plete restoration of the photoreceptors
layer, thereby avoiding permanent
scarring observed in more intense and
larger lesions (Paulus et al. 2008). In
these lesions, glial plug appeared in
the coagulated zone within a week,
similar to the more intense lesions, but
completely withdrew at 4 months. Par-
tial retinal repair after photocoagula-
tion was also observed in cynomolgus
monkeys (Wallow 1984). Using multi-

electrode array recordings (Sher et al.
2010) and molecular markers of neural
activity (Jones et al. 2011) in rabbits,
it has been shown that photoreceptors
shifting from the adjacent areas re-
establish synapses to neurons in the
inner nuclear layer, thereby restoring
light sensitivity and local activation of
the bipolar and ganglion cells in the
former lesion. As there is no evidence
of photoreceptor proliferation, rather
just a shift from the adjacent untreated
areas, the therapeutic goal of PRP —
reduction in the number of photore-
ceptors — is still achieved, but the det-
rimental side-effects of scotomata and
scarring can be avoided. Clinical tests
of such ‘minimally damaging’ or
‘restorative’ approach to PRP could
use an indirect measure of the effec-
tiveness of PRP in improving retinal
oxygenation — the reduction in the ret-
inal blood vessels diameter (Mendri-
nos et al. 2010).

Recent clinical studies demonstrated
significant reduction in the width of

retinal lesions produced by 20-ms
pulses, compared with conventional
100- and 200-ms burns (Kriechbaum
et al. 2010; Mugqit et al. 2011). How-
ever, these studies used only large reti-
nal beam sizes (300-396 um) and had
followed the lesions for only 6 months,
hence neither reported a near-complete
restoration of the IS/OS junction line
and ELM, as we observed in smaller
lesions (200 and 100 um) at 12
months. Current study demonstrates
that lighter burns produced by shorter
pulses and with smaller spot sizes can
heal much more completely than the
conventional larger and more aggres-
sive coagulation lesions. Up to 94% of
the initial damage zone can recover
within 12 months in barely visible 100-
um lesions.

Laser scar creeping with enlargement
of the atrophic area is a feared compli-
cation of conventional photocoagula-
tion (Schatz et al. 1991; Maeshima
et al. 2004), which can lead to progres-
sive loss of visual field, peripheral and
night vision, and RPE atrophy. Mini-
mally damaging photocoagulation
avoiding the inner retinal damage and
allowing restoration of the photorecep-
tors layer can protect the retina from
these common detrimental size effects.
It is important to keep in mind though
that a larger number of spots should be
applied to treat the same total area
(Palanker et al. 2011).

Patients treated with ‘modified ET-
DRS’ protocol demonstrated a contin-
uous improvement in central macular
thickness and visual acuity over
12 months, suggesting progressive and
cumulative laser effect throughout the
follow-up period (Lavinsky et al.
2011). This relatively slow effect of
laser photocoagulation has also been
demonstrated by the DRCR.net clini-
cal trial comparing mETDRS photo-
coagulation to intravitreal injections
of triamcinolone and more recently
to anti-angiogenic pharmacotherapy
(DRCR.net et al. 2009; Elman et al.
2011). Slow response to laser therapy
could be related, although not limited,
to the slow healing process observed
in our study, where even after
12 months, laser lesions continued to
decrease in width and re-establish the
normal outer retina morphology.

In some clinical situations, such as
retinal tear blockage, the highly restor-
ative photocoagulation might be detri-
mental. In these cases, a long-term
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chorioadhesion is necessary to effec-
tively protect against retinal detach-
ment. The 400-um, 100-ms moderate
lesion had stable size at 12 months (a
lesion/beam ratio of 1.0), with suffi-
cient scarring to cause a long-lasting
adhesion of the neurosensory retina to
the RPE. However, the 20-ms moder-
ate burn exhibited more restoration,
contracting to 32% of the initial area
at 12 months, and lighter lesions con-
tracted even further. Therefore, the
highly restorative protocols should be
used with caution in prophylaxis of
retinal detachment, and clinical studies
comparing the short and long pulses
in this application are necessary.

In summary, we have described the
morphological characteristics and pro-
gressive decrease in size of retinal pho-
tocoagulation lesions across a wide
spectrum of clinical grades, pulse dura-
tions and spot sizes. These observations
suggest that retinal healing occurs with
most parameters used in clinical prac-
tice, although more significantly with
shorter pulse durations, smaller spot
sizes and less intense clinical end-points.
Traditional photocoagulation parame-
ters (400 um, 100 ms and moderate
burn) result in a stable scar similar in
size to the beam diameter. Restoration
of the damaged photoreceptor layer in
lighter lesions by filling-in from the
adjacent untreated areas should allow
avoiding the common side-effects of
photocoagulation such as scotomata
and scarring. As lighter lesions tend to
be smaller (Jain et al. 2008), a larger
number of such spots should be applied
to coagulate the same total area during
PRP (Palanker et al. 2011). Clinical tri-
als are needed to compare the therapeu-
tic effects of this highly restorative
approach and the conventional proto-
cols in applications to panretinal photo-
coagulation and macular laser therapy.
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