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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 lm. 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 200lm spots and 100-ms pulses, the residual scar area at 12 months was approximately 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 lm, respectively, and down to
12% for barely visible burns of 200 lm. In the 100-lm 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 observations in rabbits were useful for proper interpretation of the damage zone
boundaries in OCT.
Conclusions: Traditional photocoagulation parameters (400 lm, 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 photocoagulation such as scotomata and scarring.
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Introduction
The Diabetic Retinopathy Study established panretinal photocoagulation
(PRP) as an effective treatment for
proliferative diabetic retinopathy (ETDRS, 1991). While the exact mechanism of laser treatment is still debated,
one working assumption is that panretinal photocoagulation reduces ischaemia and decreases the production of
angiogenic factors in the poorly perfused 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; Sánchez et al. 2007). Photoreceptors are the most numerous and
metabolically active cells in the retina
with high oxygen consumption. The
inner retinal cells (INL and GCL) represent <10% of the number of photoreceptors (Jonas et al. 1992; Aggarwal
et al. 2007), so additional damage to
the inner retina is unlikely to signiﬁcantly improve clinical efﬁcacy. Other
theories include improvement of oxygenation and metabolic transport
between choroid and retina by creating
photoreceptor-free glial ‘windows’
(Stefánsson et al. 1981; Molnar et al.
1985; Pournaras et al. 1990; Stefánsson
2006), and stimulation of RPE and
choroidal cells by thermal stress
(Mainster & Reichel 2001).
Traditionally,
photocoagulation
with a 514- or 532-nm laser was produced using pulses of 100–200 ms in
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duration and spot sizes ranging from
200–500 lm (ETDRS 1987a,b). Such
long-pulse photocoagulation often
causes damage not only to photoreceptors 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 introduced, 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) (Blumenkranz et al. 2006). As heat diffusion 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 during PRP (Palanker et al. 2011).
Studies of retinal healing after photocoagulation 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 retinal spot sizes (300–400 lm) and only
6-month follow-up (Kriechbaum et al.
2010; Muqit et al. 2011).
This study describes the acute morphology of retinal photocoagulation
lesions and their healing over a 12month 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 restoration of retinal anatomy over time in
smaller and lighter lesions, which may
allow minimizing or even completely
avoiding the current detrimental sideeffects of retinal laser therapy – scotomata and scarring.
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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 intramuscularly 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 conducted using PASCAL Streamline
laser (Topcon Medical Laser Systems,
Santa Clara, CA, USA) and a Mainster wide ﬁeld retinal laser contact
lens (Ocular Instruments, Bellevue,
WA, USA), which provides retinal
beam size equal to the aerial in a rabbit eye. Power and duration were
titrated to produce intense, moderate,
light and barely visible burns with
400-lm beam. Retinal lesions were
imaged at 1 hr, 1 week, 1 and
2 months with SD-OCT (Spectralis;
Heidelberg Engineering, Heidelberg,
Germany). After 2 months, eyes were
enucleated and ﬁxed for light microscopy (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 segments junction line and abnormalities
in the inner retina.
Patient selection and clinical study design

A prospective, interventional, openlabel trial was conducted with proliferative 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
(NCT01304225). All patients gave
their informed consent. OCT was
performed immediately after photocoagulation, 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 wavelength). With the area centralis contact
lens (magniﬁcation ·0.94; Volk, Mentor, OH, USA), aerial beam diameters
of 100, 200 and 400 lm corresponded
to retinal beam diameters of 94, 188
and 376 lm, respectively. Lesions of
‘moderate’ clinical grade were produced with 100-ms pulses using 100-,
200- and 400-lm 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-lm
spot, but not with 200 and 100 lm.
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 moderate lesions temporal to the macula
over 3500 lm 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 limitation on the minimum laser power, the
100-lm barely visible burn was produced 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

Acta Ophthalmologica 2013

photoreceptors segments junction were
noted. Scan averaging was applied to
reduce speckle noise and improve resolution and identiﬁcation of intraretinal details. The use of an image
tracking system (TruTracktm; Heidelberg Engineering) enabled measurement of the same retinal area on each
follow-up visit, ensuring proper assessment of progressive changes of the
lesion size during the study. The axial
resolution of 7 lm and transverse resolution of 14 lm rendered the acquisition of high-quality images that
allowed the study of the retinal and
laser burn morphology in detail (Kriechbaum et al. 2010).

(A)

(B)

(C)

(D)

Statistical analysis

Data are reported as mean ± standard 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 Stata12.0
(StatCorp, College Station, TX, USA)
and Statistica 8.0 (Statsoft, Inc.,
Tulsa, OK, USA). The Friedman’s
analysis of variance was used to evaluate the changes in the lesion size
within each treatment group throughout 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 moderate burns appeared clinically with a
white centre and grey rim. Light burns
had a smaller, central, white burn
with larger grey rim. The barely visible 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 retina on OCT and LM (Fig. 1A,B). Disruption of the inner and outer nuclear
layers seen on histology appeared on
OCT as increased reﬂectivity bands.

(E)

(F)

(G)

(H)

Fig. 1. Light microscopy and OCT of intense and barely visible 400-lm laser burn in rabbit retina. (A) Acute intense burn exhibiting damage to outer segments and photoreceptor nuclei, vacuolization (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 identiﬁed 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) correlating 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).

Vacuolization and separation of the
outer nuclear layer from photoreceptors corresponded to a low reﬂectivity
space on OCT. Damage to the photoreceptor 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-reﬂective oblique band on OCT (Fig. 1A,B).
This feature was used for the measurement 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 demonstrating 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 barely visible burns
affected mainly the RPE and photoreceptor layers, including the outer
nuclear layer (ONL). A distinct area
with increased reﬂectivity was clearly
visible in OCT, corresponding to damaged 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).

(A)

(B)

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 different photocoagulation clinical endpoints, 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-lm 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-lm spot size

A total of 240 laser lesions were
applied with 400-lm 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

Fig. 2. (A) OCT of a laser lesion in human retina 3 months after photocoagulation. (B) Retinal layers are outlined with dark and white dashed lines. Laser damage zone at the RPE–photoreceptor 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 membrane; IS ⁄ OS, 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 hyporeﬂective area appeared at the outer nuclear
layer (ONL), and the inner ⁄ outer
(IS ⁄ OS) photoreceptor segments junction 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
lm 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 smaller than with 100 ms and had less
inner retinal damage. RPE and photoreceptors 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 photoreceptor layer, while the inner retina was
perfectly preserved (Fig. 3H,K). Mean
lesion diameters were 430 ± 33,
367 ± 35 and 279 ± 44 lm for moderate, 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 lesions

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

100 lm
200 lm
400 lm

Moderate
100 ms

Light
100 ms

Barely visible
100 ms

Moderate
20 ms

Light
20 ms

Barely visible
20 ms

Barely visible
10 ms

160 ± 24
175 ± 47
277 ± 53

–
–
220 ± 74

–
–
167 ± 42

215 ± 45
268 ± 57
467 ± 86

150 ± 26
183 ± 40
372 ± 59

–
133 ± 26
260 ± 41

112 ± 17
–
–

Data are shown as mean (mW) ±SD.
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Fig. 3. Acute and 12-month 400-lm laser burns. First row shows acute clinical (A) and OCT (B) appearance of a moderate 100-ms burn, and 12month 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 (hyperreﬂectivity) 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 continued 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 traction to the external limiting membrane, 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 ⁄ OS junction line were absent in the
lesion, and RPE was highly irregular
in its centre. The moderate, light and
barely visible 100-ms lesions contracted 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 lm, respectively. Lesion ⁄ beam ratios for all
lesions throughout the follow-up period are shown in Table 2.
As shown in Fig. 5 for a light 400lm, 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 hyperreﬂective 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 exposures was 0.63, 0.46 and 0.29, and
ﬁnal lesion diameters of 240 ± 24,
176 ± 26 and 112 ± 28 lm for moderate, light and barely visible grades,
respectively.
200-lm spot size

A total of 140 laser lesions were
applied with 200-lm spot size, 20 for
100-ms moderate grade and 40 for
moderate, light and barely visible 20ms exposures. Similar morphologic
characteristics as with 400-lm spot
size were detected immediately after
the laser treatment (Fig. 6). With 20ms exposures, all the clinical grades
presented changes in reﬂectivity limited to the photoreceptor layer. As
shown in Fig. 4, acute lesion diame-
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Relative residual lesion area

100 µ m

200 µ m

400 µ m

Lesion diameter

Fig. 4. Lesion diameter and the residual lesion area relative to its initial size for 400-, 200- and 100-lm laser burns produced by 100-, 20- and 10ms 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 lm

200 lm

100 lm

Follow-up,
months

Mod
100 ms

Light
100 ms

Bv
100 ms

Mod
20 ms

Light
20 ms

Bv
20 ms

Mod
100 ms

Mod
20 ms

Light
20 ms

Bv
20 ms

Mod
100 ms

Mod
20 ms

Light
20 ms

Bv
10 ms

0
0.25
1
2
4
6
9
12

1.43
1.18
1.12
1.07
1.05
1.05
1.04
1.01

1.18
1.02
0.96
0.88
0.89
0.87
0.84
0.83

0.98
0.83
0.79
0.74
0.72
0.68
0.68
0.66

1.14
0.92
0.81
0.77
0.71
0.68
0.66
0.63

0.97
0.77
0.71
0.64
0.52
0.55
0.52
0.46

0.74
0.60
0.57
0.48
0.40
0.35
0.33
0.29

2.07
1.70
1.76
1.77
1.80
1.71
1.59
1.50

1.49
1.21
1.26
1.20
1.11
1.00
0.92
0.86

1.24
1.05
0.94
0.92
0.81
0.70
0.67
0.62

0.92
0.79
0.63
0.60
0.50
0.42
0.36
0.32

3.37
2.59
2.48
2.32
2.29
2.25
2.15
2.07

2.50
1.88
1.74
1.53
1.43
1.43
1.14
1.06

2.07
1.57
1.39
1.22
1.10
1.10
0.85
0.81

1.64
1.21
0.99
0.83
0.73
0.73
0.47
0.40

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

ters were 390 ± 41, 280 ± 20, 234 ±
17 and 174 ± 17 lm, 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).
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After 1 week, there was a signiﬁcant
decrease in lesion size for all endpoints 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 lm. 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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(A)

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 ⁄ OS junction (Fig. 6l).

(D)

100-lm spot size
(B)

(E)

(C)

(F)

Fig. 5. OCT of light 20-ms 400-lm 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
line show the width of the damage zone at the photoreceptor ⁄ RPE junction. Note progressive
restoration of retinal layers architecture over time with limited disruption of the inner retina at
12 months and signiﬁcant contraction of the damage zone with partial restoration of ELM and
IS ⁄ OS junction line.

(A)

(B)

(C)

(D)

(E)

(F)

(G)

(H)

(I)

(J)

(K)

(L)

Fig. 6. Two 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). Second row shows
acute clinical and OCT images (D and E) of a moderate 20-ms burn and its 12-month appearance (F). Note partial restoration of ELM. Third and forth (G–L) rows show barely visible
20-ms burn, with acute damage limited to outer retina. Note a signiﬁcant healing of photoreceptors layer (white arrow – IS ⁄ OS junction line), more signiﬁcantly for barely visible burn at
12 months.

A total of 140 laser lesions were
applied with 100-lm spot size: 20 for
moderate 100 ms, 40 for moderate and
light 20 ms, and 40 for barely visible
10 ms. The 10-ms pulses were applied
to create barely visible burns because
the 100 mW low limit of laser power
in PASCAL was too high for 20-ms
pulses. As shown in Fig. 7, all the 100lm lesions exhibited changes limited
to RPE, photoreceptor segments and
ONL. Acute lesion diameters were
317 ± 47, 235 ± 30, 195 ± 23 and
154 ± 23-lm for moderate 100-ms,
moderate and light 20-ms, and barely
visible 10-ms exposures, respectively
(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 lm, 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).

Discussion
The present study provides a comprehensive assessment of long-term
changes in retinal photocoagulation
lesions produced with various spot
sizes, pulse durations and clinical
grades in patients, using high-resolution OCT. Although SD-OCT is
widely used in clinical practice as a
reliable tool for measurement of retinal anatomical characteristics and
pathology, identiﬁcation of the lesion
boundaries is not yet standardized.
Therefore, we conducted an animal
correlation study to properly relate
the optical characteristics of the tissue
to actual morphological changes
observed with histologically in laser
lesions.
Restoration of RPE continuity
within days after photocoagulation
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(A)

(B)

(C)

(D)

(E)

(F)

(G)

(H)

(I)

(J)

(K)

(L)

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 limited 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, demonstrating the most signiﬁcant healing of IS ⁄ OS junction line (white arrow), with some residual
RPE irregularities (vertical white arrow).

was demonstrated in rabbits by resolution of ﬂuorescein hyperﬂuorescence
over the laser spots and histologically
(Wallow 1984; Paulus et al. 2008),
while in human patients, it was conﬁrmed using OCT and angiography
(Muqit et al. 2011).
Studies of retinal healing after photocoagulation 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-lm spot sizes exhibited complete 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. Partial retinal repair after photocoagulation was also observed in cynomolgus
monkeys (Wallow 1984). Using multi-
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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 reestablish 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 photoreceptors – is still achieved, but the detrimental 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 effectiveness of PRP in improving retinal
oxygenation – the reduction in the retinal blood vessels diameter (Mendrinos 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; Muqit et al. 2011). However, these studies used only large retinal beam sizes (300–396 lm) 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 lm) 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 aggressive coagulation lesions. Up to 94% of
the initial damage zone can recover
within 12 months in barely visible 100lm lesions.
Laser scar creeping with enlargement
of the atrophic area is a feared complication of conventional photocoagulation (Schatz et al. 1991; Maeshima
et al. 2004), which can lead to progressive loss of visual ﬁeld, peripheral and
night vision, and RPE atrophy. Minimally damaging photocoagulation
avoiding the inner retinal damage and
allowing restoration of the photoreceptors 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 ETDRS’ protocol demonstrated a continuous 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 clinical trial comparing mETDRS photocoagulation 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 restorative photocoagulation might be detrimental. In these cases, a long-term
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chorioadhesion is necessary to effectively protect against retinal detachment. The 400-lm, 100-ms moderate
lesion had stable size at 12 months (a
lesion ⁄ beam ratio of 1.0), with sufﬁcient scarring to cause a long-lasting
adhesion of the neurosensory retina to
the RPE. However, the 20-ms moderate burn exhibited more restoration,
contracting to 32% of the initial area
at 12 months, and lighter lesions contracted 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 progressive decrease in size of retinal photocoagulation lesions across a wide
spectrum of clinical grades, pulse durations and spot sizes. These observations
suggest that retinal healing occurs with
most parameters used in clinical practice, although more signiﬁcantly with
shorter pulse durations, smaller spot
sizes and less intense clinical end-points.
Traditional photocoagulation parameters (400 lm, 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 trials are needed to compare the therapeutic effects of this highly restorative
approach and the conventional protocols in applications to panretinal photocoagulation and macular laser therapy.
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