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Modern retinal laser therapy
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Abstract

Medicinal lasers are a standard source of light to produce retinal tissue photocoagulation to treat retinovascular disease. The Dia-
betic Retinopathy Study and the Early Treatment Diabetic Retinopathy Study were large randomized clinical trials that have shown
beneficial effect of retinal laser photocoagulation in diabetic retinopathy and have dictated the standard of care for decades. How-
ever, current treatment protocols undergo modifications. Types of lasers used in treatment of retinal diseases include argon,
diode, dye and multicolor lasers, micropulse lasers and lasers for photodynamic therapy. Delivery systems include contact lens
slit-lamp laser delivery, indirect ophthalmocope based laser photocoagulation and camera based navigated retinal photocoagu-
lation with retinal eye-tracking. Selective targeted photocoagulation could be a future alternative to panretinal photocoagulation.
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A brief history of retinal photocoagulation
Past laser photocoagulation concepts

Photocoagulation uses light to coagulate tissue. Medicinal
lasers have become a source of light to produce tissue coag-
ulation. The effect of laser interaction with retinal tissue had
been studied earlier but it was not until Meyer-Schwicke-
rath’s report in 1954 that beneficial therapeutic effects of
laser photic burns were recognized.” With Hans Littmann of
Zeiss Laboratories they assembled the first xenon-arc photo-
coagulator in 1956.% The system was effective but it was dif-
ficult to focus beam to a small spot, treatments required long
exposures and were often painful. Theodore Maiman, PhD,
designed the first ophthalmic laser in 1960 at the Hughes
Research Laboratories emitting monochromatic energy.
Systems using ruby laser (694-nm wavelength) were among
the first to be studied in ophthalmology.>* They offered
some variability in pulse durations and more precisely
targeted treatments. They could be successfully applied

therapeutically but intense chorioretinal destruction and
frequent hemorrhaging soon showed to be an issue. The
advent of argon laser marked a new milestone in retinal
photocoagulation.*®

Argon laser can use the blue (488-nm wavelength) and
green (514-nm wavelength) light emission absorbed by both
hemoglobin and melanin. The Diabetic Retinopathy Study’
and the Early Treatment Diabetic Retinopathy Study® were
large randomized clinical trials that have shown beneficial
effect of retinal laser photocoagulation in diabetic retinopa-
thy and have dictated the standard of care for decades. In
DRS, argon laser had equal efficacy to xenon arc laser but in
general produced less adverse effects. Later on water-cooled
argon lasers have been replaced by air-cooled Nd:YAG
frequency doubled lasers (532-nm wavelength). Other
conditions, including age-related macular degeneration and
retinal vein occlusion, were found to benefit from laser retinal
photocoagulation, widening treatment indications.’

Introduction of dye lasers represented a further develop-
ment. The design of a dye laser is similar to a pulsed solid-state
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laser with the laser crystal replaced by a dye cell.'"" Dye
lasers can usually be used for a much wider range of wave-
lengths. The introduction of solid state lasers has offered an
advantage of being less expensive and portable.

Past laser delivery systems

Mode of delivery is an important aspect of laser photoco-
agulation. While the ruby laser was attached to a monocular
direct ophthalmoscope, subsequent generations of lasers
could be attached to indirect ophthalmoscope, operating
microscope or slit lamp. Endolaser photocoagulation (applied
via a fiberoptic probe placed inside the eye) has shortened
treatment times and improved results of vitreoretinal surgery.
Coupling lasers with slit lamp improved laser delivery to the
retina, especially for posterior pole application in the clinic.'?

Modern laser technology developments and
applications

Current laser photocoagulation concepts and
techniques

The above-mentioned clinical trials and subsequent clini-
cal experience by physicians established retinal photocoagu-
lation as the standard treatment of choice for complications
of diabetic retinopathy for over 40 years. Although clinically
effective, retinal laser photocoagulation leads to collateral
damage and side effects including reduced night vision, mac-
ular and peripheral scotomata with decrease in central and
peripheral vision, exacerbation of macular edema and disrup-
tion of the retinal anatomy through scarring.’"¢

In search for ways to spare retinal tissue yet achieving
desired therapeutic benefit, the first attempts were aimed
at titration of laser power to reduce tissue damage. Diode
lasers (810-nm wavelength) were used to produce ‘‘classi-
cally’” subthreshold (ophthalmoscopically less visible) burns
in diabetic macular edema (DME)"’ and age-related macular
degeneration (AMD)."8"?

In 1990 Pankratov developed the micropulsed diode laser.
Producing a train of millisecond laser pulses separated by
variable quiet intervals, micropulsing allowed selective treat-
ment of the retinal pigment epithelium (RPE) and sparing of
the neurosensory retina.’”?' Early use of micropulsed lasers
reduced but did not eliminate thermal retinal damage due
to use of high treatment powers and / or micropulse duty
cycles, as well as the continuing belief in the need to produce
at least some laser-induced thermal retinal injury to achieve a
therapeutic effect. This long-held maxim was called into
question by the later finding that use of particular micro-
pulsed laser parameters (high-density/low-intensity ‘‘true"’
Subthreshold Diode Micropulse laser, or 'SDM") is clinically
effective without any laser-induced retina injury detectable
by any currently available retinal imaging modality, or known
adverse treatment effects. Non-destructive and thus non-
inflammatory, SDM has been reported effective for a number
of disorders and uniquely allows safe transfoveal treatment in
eyes with good visual acuity.'”?*?*> SDM has also been
uniquely shown to increase, rather than decrease, retinal sen-
sitivity by microperimetry at the locus of laser application.?*

In 1992 Reginald Birngruber and colleagues introduced
application of even shorter microsecond continuous-wave

laser pulses. These microsecond laser pulses also selectively
target the retinal pigment epithelium (RPE) sparing the pho-
toreceptors and other intraretinal cells.?>?® Such short-pulse
continuous wave laser cause explosive vaporization of mela-
nosomes and formation of cavitation bubbles resulting in cell
death and subsequent proliferation and migration of RPE
cells to restore the integrity of the defective RPE layer.”®
The clinical term adopted for this approach has been ’Selec-
tive Retina Therapy’’ or SRT.%®

Another concept to use laser therapy with minimal collat-
eral damage is transpupillary thermotherapy (TTT) using
near-infrared (810-nm wavelength) laser, low irradiance and
long exposure (1 min), and large retinal treatment spots. TTT
continues to be used in the treatment of small choroidal mela-
nomas, nowadays in combination with other modalities such as
brachytherapy.?’*® However, former use for neovascular AMD
and other macular disorders has been abandoned due to
higher efficacy of intravitreal anti-angiogenic therapy and the
risk of inadvertent macular photocoagulation and visual loss.?’

Also in the 1990s, a new concept of targeting choroidal ves-
sels in the neovascular membrane emerged using a photosen-
sitizer activated by red/near-infrared laser and became known
as photodynamic therapy (PDT). The original photosensitizer
phthalocyanine was replaced by the liposomal benzoporphy-
rin derivative complex with affinity to endothelium of newly
formed blood vessels.>**? The latter is commercially known
as verteporfin which was the first pharmacologic treatment
for AMD.?* The PDT treatment causes intraluminal vascular
occlusion with subsequent regression of choroidal neovascular
membrane.** With time, its use in AMD has been replaced by
more effective and less destructive intravitreal anti-angiogenic
therapy. It still remains a treatment option or supplemental
therapy in some pathologic choroidal conditions.

Current laser delivery systems

Developments in laser technology lagged behind devel-
opments in other areas of retinal field such as imaging, phar-
macology and genetics. Most innovations in laser therapy in
previous decades have focused on laser adjustments such
as spot size and pulse duration. However, two major devel-
opments took place in recent years.

In 2006, OptiMedica Corp. (Santa Clara, CA) introduced
PASCAL pattern scan laser photocoagulator with a 532-nm
laser used for standard photocoagulation procedures that
can apply a uniform pattern of many laser spots at one
time.*> Due to short pulse duration, the heat is decreased
resulting in less thermal damage. The pattern laser technol-
ogy allows equidistant spacing of individual spots and fairly
consistent retina burns. The PASCAL laser allows ophthalmol-
ogists to perform macular grid treatments effectively and
panretinal photocoagulation more rapidly with less pain than
conventional lasers.>*>” At present, it is one of the most com-
mon laser delivery systems.

The second major development was introduction of new
laser platform called NAVILAS (OD-OS, Inc. Germany) which
uses retinal navigation and fundus camera based delivery. This
532-nm pattern-type eye-tracking laser integrates live color
fundus imaging, red-free and infra-red imaging, fluorescein
angiography with photocoagulator system.***° After image
acquisition and making customized treatment plans by physi-
cians including marking areas which will be coagulated the
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treatment plan is superimposed onto the live digital retina
image during treatment. The physician controls laser applica-
tion and the systems assist with prepositioning the laser beam.
This platform allows for digital documentation of treatment for
future reference. For the first time physicians are able to deli-
ver fast and painless laser through camera system and monitor
treatment progress on wide screen.*’**? Retinal navigation has
resulted in significant increase in treatment accuracy in com-
parison to conventional slit-lamp lasers.7*

Current posterior pole laser treatment techniques
Conventional laser photocoagulation techniques

Argon laser photocoagulation (488 and 514.5-nm) has been
the most common standard treatment for diabetic maculopathy
with DME and continues to be a treatment option even in the
era of intravitreal pharmacotherapy. The ETDRS showed that
laser treatment reduced the incidence of moderate vision loss
by 50%.* The effects of therapy are controlled by exposure
time, power, spot size with a short and intense exposure time
increasing risk of tissue (Bruch’s membrane) rupture and retinal
hemorrhages. Long and less intense exposure times as used in
treatment of some vascular malformations increase in size after-
wards. A consideration of different magnification factors for
contact lens is also important (Mainster focal grid (1.05), Volk
area centralis (1.0) and the Goldmann 3-mirror contact glass
(1.08) induce no significant magnification. However, Quadra-
spheric (1.92), SuperQuad 160 (2.0) and Ultrafield (1.89) need
laser beam reduction by half). The retinal target should be prop-
erly focused and aligned perpendicular to the axis of the slit-
lamp beam, giving a sharp laser spot on the retinal surface.

Early treatment with focal macular photocoagulation before
chronic macular edema ensues is recommended for maintaining
good vision. Focal laser refers to a direct treatment of leaking
aneurysms in the edematous retina within 3000 pm of the center
of the macula. For conventional treatment, each microaneurysm
is treated by a 50- to 100-um spot and an exposure of 0.1,
leading to spots of small chorioretinal scars. Parameters can
be modified if we wish to apply subthreshold treatments.

Grid pattern laser photocoagulation has been believed to
increase the migration and proliferation of retinal pigment
epithelium cells and endothelial cells, thus decreasing fluid
exudation. Grid laser is mainly used in areas of diffuse leak-
age with no defined focal leakage. The grid technique is com-
posed of burns 50-200 um in diameter, producing a pattern
of equally spaced burns and spots. Grid laser in diffuse DME
has questionable long-term efficacy.”® Grid laser photocoag-
ulation has been an evidence-based treatment of choice for
macular edema due to branch retinal vein occlusion*® but
may now be complimented or replaced by antiangiogenic
drug therapy as the first line of treatment.

Pattern scanning laser photocoagulation techniques

Pattern scanning laser (PASCAL) photocoagulator delivers
multiple burns in a rapid predetermined sequence in the form
of a pattern array produced by a scanner. The pulse duration
is reduced to 10-30 ms. The aim is to optimize therapeutic
effect with minimal damage to the retina tissue. In initial
studies the treatment of macular edema seemed safe, com-
fortable and of the same efficacy as conventional laser.*’*8

For macular grid laser photocoagulation, however, the single
spot technique seems to be safer due to danger of eye move-
ment during the treatment.*” Clinical efficacy of short pulse
pattern photocoagulation has been shown in macular edema
associated with branch retinal vein occlusion.”® Immediate
tissue remodeling has been found using spectral-domain’
and polarization-sensitive OCT.>? While tissue damage is
minimized, healing occurs by migration and filling-in of adja-
cent surviving tissue rather than regeneration with inherent
loss of retinal function and re-treatment limitation. However,
no loss of photoreceptors in humans has been observed
using adaptive optics imaging.”®

Subthreshold diode micropulse technique

As described above, SDM employs a unique treatment
paradigm: low-intensity micropulsed laser spots are applied
which, while absorbed selectively by the RPE, do not damage
the RPE in any currently detectable way.>**> Thus, focal treat-
ment of retinal microaneurysms is not a strategy of SDM. The
low-intensity treatment effect is then amplified and maxi-
mized by placement of many confluent and contiguous laser
spots (high-density treatment) over the entire area of retinal
pathology. In the absence of tissue damage and subsequent
inflammation and healing, SDM appears to work by normaliz-
ing RPE function, likely manifest by altered cytokine expres-
sion.” SDM has no known adverse treatment effects and,
in the treatment of DME, has been found to be more effec-
tive than conventional photocoagulation in a randomized
clinical trial.>® In the absence of retinal damage the potential
for retreatment with SDM is unlimited. SDM can be used
alone or in combination with drug therapy to achieve ret-
ina-sparing disease management.”> Despite the absence of
retinal damage or adverse treatment effects, SDM has been
reported effective in the treatment of DME, proliferative
diabetic retinopathy, retinal vein occlusion, central serous
chorioretinopathy, and other disorders (Fig. .19

Navigated laser photocoagulation technique

Both focal and grid laser treatments of the posterior pole
can now be performed using retinal eye-tracking assisted
photocoagulation. Navigated laser photocoagulation is a
safe technique that significantly increases accuracy of laser
delivery to the retina.>” This is especially useful in focal pho-
tocoagulation technique where the exact location and target-
ing of diabetic microaneurysms, for instance, is of crucial
importance (Figs. 2-5). In accuracy of laser delivery, it signif-
icantly outperformed conventional laser photocoagulation
with 96% of laser applications being delivered within
100 pm from the target spot.*" This is believed to contribute
to its clinical efficacy in focal retinovascular disease.”’:>®
Because of different imaging principles, the photocoagula-
tion does not require the use of contact lens and can be
monitored on computer screen.

Current panretinal photocoagulation (PRP)
Conventional single-spot laser PRP

The Diabetic Retinopathy Study and Early Treatment
Diabetic Retinopathy Study are landmark studies that for
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Figure 1. (Case 1). Eye with diffuse center-involving diabetic macular edema: Fundus autofluorescence photograph (FAF) before (A) and after (B)
transfoveal low-intensity high-density subthreshold diode micropulse laser (SDM). Note reduction in cystoid macular edema and severity of posterior
retinopathy without evidence of laser-induced retinal damage. Fundus fluorescein angiogram before (C) and after (D) treatment. Note absence of laser-
induced retinal damage. (E) Spectral-domain optical coherence tomogram before (above) and after (below) transfoveal SDM. Note reduction in DME

without evidence of laser-induced retinal damage. (Images by Dr. J. Luttrull).

long have impacted clinical practice patterns.”® Until today,
the panretinal photocoagulation is the first treatment of
choice for high risk proliferative diabetic retinopathy
and its complications such as rubeosis iridis. Panretinal

photocoagulation, as recommended by those original ran-
domized clinical trials, uses visible end point (whitening of
the retina) achieved by recommended parameters of 500
microns spot size, one-half to one spot diameter spacing
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Figure 2. (Case 2). LEFT PANEL: Color fundus image of an eye with non-proliferative diabetic retinopathy and maculopathy showing dot blot
hemorrhages and hard exudates in the macular area. RIGHT PANEL: Late phase fluorescein angiography showing multiple microaneurysms throughout
the posterior pole.

Figure 3. (Case 2). LEFT PANEL: Optical coherence tomography thickness map of the same eye showing increased foveal thickness. RIGHT PANEL:
Color fundus photograph of the same eye immediately after navigated focal laser photocoagulation showing a laser burn (white arrow) to the macular
microaneurysm (please compare with pre-treatment color fundus photo from Fig. 2).

Figure 4. (Case 2). UPPER PANEL: Pre-treatment optical coherence tomography macular B-scan of the same eye showing intraretinal edema. LOWER
PANEL: Post-treatment optical coherence tomography macular B-scan of the same eye showing resolution of the macular edema with residual
intraretinal hard exudates.
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Figure 5. (Case 2). Post-treatment optical coherence tomography retinal thickness map of the same eye showing resolution of the macular edema with
laser spots (left side) and follow-up scan of the same retinal section showing the amount of thickness decrease (right side) (Image series by Dr. I. Kozak).

and 100-200 ms duration.® The whitening is caused by ther-
mal damage in which the temperature rises 20-30 °C above
baseline body temperature. A typical PRP pattern of 1200
to 1500 burns is applied in order to reduce the number of
metabolically active photoreceptors as well as total oxygen
consumption of the outer retina. Significant regression of
retinopathy risk factors has been reported after PRP.*7¢°
Some modifications in argon laser technique such as light
PRP (LPRP) were adopted to reduce adverse effects of
heavy PRP.®" Other types of lasers have been used for
PRP such as orange dye (600-nm) laser,%? red (630-nm)

Figure 6. (Case 3). Wide-field late phase fluorescein angiogram of an eye
with aggressive proliferative diabetic retinopathy showing areas of retinal
non-perfusion and active neovascularization in spite of prior pattern
short-pulse panretinal photocoagulation (Image by Dr. I. Kozak).

and yellow (580-nm) dye lasers,®® krypton laser,®* diode
laser,®®> and double-frequency Nd:YAG laser.®®

Pattern scanning laser photocoagulation PRP

Panretinal photocoagulation with conventional laser sys-
tems can cause a variety of side effects including peripheral
field loss and decrease in central and peripheral vision due
to retinal tissue destruction.”'® The procedure can be pain-
ful for patients and is usually divided into several sessions.
The short-pulse semiautomated PRP is now possible with
the PASCAL photocoagulator which is capable of producing
a variety of short-pulse pattern arrays (Fig. 6). Pattern PRP
has significantly shortened treatment times and has been
shown to produce less pain during the procedure compared
to conventional lasers.®”*” Single session treatment has been
reported to be of equal clinical efficacy in controlling prolifer-
ative diabetic eye disease as multiple sessions.®” Favorable
regression rates in proliferative diabetic retinopathy have
been described®® as well as some concerns that reduction
of treatment parameters may cause failure to control prolifer-
ative disease calling for adjusting the parameters.®’

Subthreshold diode micropulse PRP

The subthreshold diode micropulse laser approach has
been used in panretinal photocoagulation after its efficacy
has been shown in DME (Fig. 7). The rationale is that the
patholophysiology of diabetic retinopathy is the same in all
parts of the retina. In the macula, it is manifested by diabetic
macular edema and, less often, macular ischemia. In the rest
of the retina it is manifested by ischemia leading to ocular
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Figure 7. (Case 4). Intravenous fundus fluorescein angiogram before (A) and after (B) subthreshold diode micropulse (SDM) laser panretinal
photocoagulation for severe non-proliferative diabetic retinopathy. Note reversal of retinopathy severity, reduction in micro- and macrovascular leakage,
resolution of local retinal capillary non-perfusion, and absence of laser-induced retinal damage. Preoperative visual acuity 20/20; postoperative 20/15

(Images by Dr. J. Luttrull).
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Figure 8. (Case 5). Wide-field fundus photo of an eye with proliferative diabetic retinopathy during navigated panretinal photocoagulation (A) with
100 ms pulse duration pattern as shown in final report (B) (Images by Dr. I. Kozak).

neovascularization. Thus treatments effective against DME
are hypothesized to be effective against proliferative diabetic
retinopathy. Thus, it is not surprising that SDM, which is
effective in the treatment of DME, has also been reported
to be effective as panretinal laser treatment for PDR.”C In this
study, the clinical response to SDM PRP appeared to be
more benign than following conventional PRP, but similar
to anti-VEGF therapy. This was attributed to the lack of reti-
nal damage and subsequent inflammation. Progression of
severe non-proliferative diabetic retinopathy to proliferative
retinopathy also appeared reduced. There were no treat-
ment complications or adverse effects, and no laser-induced
retinal damage by FFA. However, it has since become clear
that all therapeutically effective treatment modes for diabetic
retinopathy, including retinal photocoagulation and intravi-
treal drug therapy, also slow, stop, or reverse the rate of dis-
ease progression.”’ The unique safety profile of SDM
suggests that it, or a similarly safe process, may become

the first practical preventive treatment for diabetic

retinopathy.

Navigated laser PRP

Panretinal photocoagulation is now possible to be per-
formed with retinal eye-tracking (Fig. 8). Unlike treating the
posterior pole of the retina with eye-tracking where we do
not need the contact lens, in PRP we use a wide-field contact
lens. In navigated PRP, the laser system provides a pattern
positioning on the retina, independent from the imaging by
using galvanometer scanners controlled by the operator via
elements on the system base joystick or by placing treatment
patterns on the touch screen. Unlike pattern laser systems
which can use only short pulse arrays, the navigated PRP
arrays can be performed with 100 ms pulse durations thereby
following the original criteria from randomized clinical
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trials.”® It has been observed that PRP laser scars are more
uniform in navigated PRP compared to pattern laser system
probably due to different optical systems used by both
systems.’?

Targeted retinal photocoagulation (TRP)

Targeted or selective therapy in general is any therapy
aimed to block a specific target. Examples of targeted retinal
therapy can be feeder vessel photocoagulation in choroidal
neovascularization or focal laser photocoagulation in the
treatment of DME. These are not new concepts and, there-
fore, here we would like to focus on selective retina laser
therapy to areas of non-perfusion.

The idea behind targeted retinal photocoagulation (TRP) is
to selectively treat ischemic retinal areas and adjacent inter-
mediate areas showing angiographic leakage while minimiz-
ing some of the risks and complications of conventional
PRP.”37%Wide-angle fluorescein angiography has been instru-
mental in identification of peripheral areas of non-perfusion
and has opened the door for clinical application of TRP.”>~"/
It has served as a guide for TRP in recent studies. In reports
by Mugit et al. TRP for proliferative diabetic retinopathy using
20-ms PASCAL did not produce increased macular thickness
and paradoxically improved central retinal thickness and visual
field sensitivity with reasonable neovascularization regression
rate.”®’? TRP may be less effective in central retinal vein occlu-
sion which has a different ischemic load compared to diabetic
retinopathy. Spaide in a recent prospective study reported no
clinical benefit using laser photocoagulation to peripheral
areas of non-perfusion visualized by wide-field angiography.®°
It is obvious that more prospective randomized trials are
needed to assess the real benefit of TRP.
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