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Abstract

Retinal laser photocoagulation is a proven, effective treatment for various re-
tinal disorders, including diabetic retinopathy, retinal vein occlusions, and
sickle cell retinopathy. To minimize iatrogenic retinal damage while main-
taining therapeutic effects, retinal laser technology has evolved significantly
since its introduction in ophthalmology more than half a century ago. These
innovations have included both optimizations of laser parameters in addition
to the development of novel laser delivery systems. This review summarizes
recent innovations in retinal laser technology, including subthreshold micro-
pulse laser, selective retinal therapy and nanosecond laser, innovative modes
of laser delivery including pattern scanning laser, endpoint management, na-
vigated laser, and newly described photo-mediated ultrasound therapy.
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1. Introduction

Lasers are designed to produce a monochromatic, highly directional light beam
with photons in phase and at the same frequency. These properties of lasers al-
low them to be a critical therapeutic tool in many fields of medicine, particularly
in retinal diseases (Figure 1). Lasers have been used to treat various retinal con-
ditions, including proliferative diabetic retinopathy, diabetic macular edema,
central serous chorioretinopathy, central and branch retinal vein occlusions,
sickle cell retinopathy, and age-related macular degeneration, since it was first
described over 55 years ago [1]. Moreover, retinal laser photocoagulation has

been the gold-standard of care for some of these retinal diseases for almost half a
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Figure 1. Schematic diagram of human eye.

century.

The precise biological mechanism by which laser therapy leads to improve-
ment of retinal diseases remains an area of active investigation. One hypothesis
is that photocoagulation destroys the most metabolically active cells, the photo-
receptors, to relieve the imbalance between supply and demand of oxygen to de-
crease retinal hypoxia and subsequently causes down-regulation of angiogenic
factors [2] [3]. Conventional retinal photocoagulation is typically performed
with a 514-nm or 532-nm continuous wave (cw) laser using pulse durations
from 100 to 200 milliseconds (ms), spot sizes from 60 to 500 micrometers, and
powers from 100 to 750 milliwatts (mW). It produces detectable gray-white le-
sions in the retina as a desired therapeutic endpoint of treatment due to the
thermal coagulation necrosis. These thermal effects are not only valuable for
treating retinal diseases but also carrying significant side effects, such as perma-
nent retinal scarring and decreased peripheral, color, and night vision [4].

Over the last couple decades, innovative laser modalities have significantly
evolved, with refined laser parameters including laser wavelength, pulse duration
and laser beam size, as well as novel laser delivery systems to minimize collateral
tissue damage, improve therapeutic effects, and alleviate patients’ discomfort [5]
[6]. The purpose of this review is to summarize recent novel laser technologies

for the treatment of retinal diseases.

2. Pattern Scanning Laser

An integrated semi-automatic pattern scanning laser photocoagulation system
PASCAL" (PAttern SCAnning Laser) photocoagulator was first described by
Blumenkranz et al in 2005 [7]. This system is designed to rapidly deliver laser
pulses of 10 - 30 millisecond in a predetermined pattern array which allows for
multiple spots of photocoagulation to be rapidly scanned with a single foot pedal
application. PASCAL® consists of laser source such as a 532-nm Nd-YAG laser
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or a 514-nm argon laser, a delivery device such as a slit-lamp, and a control pan-
el to select different laser parameters. The scanning of the laser is achieved by
mirrors mounted on a two-axis galvanometric scanner.

PASCAL" is characterized by its scanning pattern and shorter pulse durations
compared with conventional laser photocoagulation. The scanning pattern can
be described as arrays of laser burns varying from 4 to 56 burns in different
shapes and angles. The main benefit of the scanning pattern is that it makes laser
therapy less painful and tedious due to shortened total treatment time. Further-
more, pre-specified, adjustable patterns provide greater accuracy during treat-
ment. With shorter pulse duration, less thermal damage is caused to the inner
retina [8] [9]. Human histological analysis of PASCAL laser burns has demon-
strated that damage is limited to the outer retina [10] (Figure 2). Meanwhile,
shorter exposures also allow equidistant spacing of numerous spots applied in a
pattern during the eye fixation time [11] (Figure 3).

So far, several clinical trials have demonstrated PASCAL® to be effective with
increased safety compared with conventional laser therapy in treating prolifera-
tive diabetic retinopathy (PDR) and other retinal vascular diseases [12] [13].
While some studies have found it to be less effective than conventional laser,

L Y U
S RS T

Figure 2. Hematoxylin and eosin (H & E) x10 magnification section of PASCAL laser
shows regions of outer nuclear layer loss filled with an acellular matrix and migrating
pigmented cells within the outer retinal layers. There is disorganization of the chorioca-
pillaris layer and areas of retinal pigment epithelial (RPE) atrophy and hyperplasia adja-
cent to these regions. The inner nuclear layer, ganglion cell layer, and nerve fiber layer
appear preserved. Reprinted from “Human Histopathology of PASCAL Laser Burns”, by
Paulus, Y.M.,, Kaur, K., Egbert, P.R., Blumenkranz, M.S., & Moshfeghi, D.M. 2013, Eye,
27(8): 995-996.
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Figure 3. Fundus photograph comparing conventional laser (lower left laser spots in the
image) with patterned scanning laser (upper right laser spots in the image, PASCAL,
Topcon, Santa Clara, CA, USA) demonstrating more uniformly spaced, smaller, and less
intense laser spots with PASCAL. Reprinted from “Short-pulse laser treatment: redefining
retinal therapy”, by Paulus, Y. M., Palanker, D., & Blumenkranz, M. S. 2010, Retinal Phy-
sician, 7(1), 54-56.

these studies have not accounted for the significant increase in the number of
laser spots that are required to achieve an equivalent treatment area with shorter
pulse duration laser burns [14] [15] [16]. PASCAL" is also an ideal laser system
to treat patients with macular edema. Since patterns for macular photocoagula-
tion can be predetermined as rings or arcs with a central foveal exclusion zone,
PASCAL can help to make sure that no laser burns will be placed closer than a
preset distance from the center of the foveal avascular zone [17] [18].

Endpoint Management

It is widely considered that the refined laser settings are favorable to reduce
collateral tissue damage while retaining the therapeutic effects of laser. A mod-
el-based titration algorithm termed “Endpoint Management” (EpM) has been
developed for quantifying laser dosimetry predictably to precisely optimize the
laser power and pulse duration to achieve subvisible retinal laser therapy [19].
This titration algorithm combines an axisymmetric heat conduction model with
the Arrhenius cellular damage integral to estimate heat-induced retinal lesions.
To decrease the effects of individual variations, EpM begins with titrating laser
power to a barely visible burn using pulse duration of 15 milliseconds or 20 mil-
liseconds. After defining this energy as a 100% nominal energy level, other pulse
energies can be selected as a percentage of that threshold. EpM is now commer-
cially available in the 532-nm and 577-nm PASCAL® laser (Topcon Medical La-
ser Systems, Santa Clara, CA). This provides an approach to reproducible sub-
visible retinal laser therapy. Clinical trials have demonstrated that PASCAL" la-
ser integrated with EpM software provides beneficial treatment effects for several

retinal diseases such as chronic central serous chorioretinopathy (CSCR), macu-
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lar telangiectasia, diabetic macular edema (DME), and cystoid macular edema
secondary to branch retinal vein occlusion (BRVO) without detectable retinal
damage [20] [21].

Targeted retinal photocoagulation

It has been demonstrated that the mid-peripheral and peripheral retina are
more prone to develop proliferative activities in PDR since capillary non-perfusion
is more likely to happen in mid-peripheral and peripheral retina. To selectively
treat areas of proliferative lesions in PDR, the strategy termed “targeted retinal
photocoagulation” (TRP) has been developed [22] [23]. The target treatment
makes retinal photocoagulation more accurate with reduced collateral damage to
better-perfused areas of retina. Normally, a physician uses a slit-lamp or indirect
ophthalmoscope to visualize the retina during retinal photocoagulation treat-
ment. The emergence of the Optos scanning laser ophthalmoscopy (SLO) cam-
era with ultra-wide field fluorescein angiography (Optos, Dunfermline, Scot-
land) enables the physician to visualize up to a 200° field of view of the retina
[22]. In pilot studies, patients with PDR were treated with 20-ms PASCAL" tar-
geted retinal photocoagulation using 1500 laser burns. Optos angiography
served to guide the PASCAL® photocoagulation lesion placement in areas of
visible peripheral retinal ischemia. Also, the fluorescein angiography can be used
to map laser burns on the retina [23]. The results showed that targeted
PASCAL" photocoagulation is a promising procedure with a favorable safety
profile. In another clinical study, targeted PASCAL® retinal photocoagulation
with high-density using 2500 burns was demonstrated to be safe without increased
macular thickness or any other ocular adverse events during the short-term
[24].

3. Navigated Laser

Another novel laser delivery system Navigated laser photocoagulation with re-
tinal eye tracking (NAVILAS®; OD-OS GmbH, Berlin) has been developed to
offer more accurate and less painful laser photocoagulation using pre-planned,
image-guided photocoagulation [25]. The navigated laser system combines a
fundus imaging system with a laser treatment device and allows various imaging
modalities, including infrared, color and fluorescein angiography, to be inte-
grated with laser treatment of the retina. The NAVILAS® laser system funda-
mentally differs from other manual-technique laser devices since it is a fundus
camera-based system instead of a slit lamp-based laser system. With the
NAVILAS®, the computer based imaging system can capture high-resolution
images of a large retinal area at a rate of 25 images per second in real-time. The
acquisition of retinal images before the treatment can help to create a detailed
treatment plan through the touch-screen monitor. The pre-planned treatment is
visible and overlaid on the live fundus images acquired during the treatment.
Then the laser is delivered automatically to the target area of retina according to

the plan, which allows for better guidance of laser delivery and high precision
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and reproducibility of theoretically less than 60 - 110 pm. Similar to convention-
al and pattern laser systems, navigated laser also includes both single-spot and
preset patterns for retinal photocoagulation. For focal laser treatment, it utilizes
a 50° field-of-view for imaging. For panretinal laser treatment, the field-of-view
can be increased to 85° so that the peripheral retina can be visualized.
NAVILAS® has been successfully used in the treatment for several retinal
vascular diseases, including diabetic retinopathy and CSCR [24] [26]. It has also
been demonstrated that navigated laser produced more uniform laser burns with
less pain and shorter treatment period compared with conventional and pattern

scanning laser photocoagulation.

4. Subthreshold Diode Micropulse Laser

A novel technology termed subthreshold diode micropulse (SDM) photocoagu-
lation was developed to treat retinal vascular disorders while minimizing colla-
teral tissue damages using an 810-nm diode laser with micropulse duration [27].
SDM uses a continuous-wave laser which is divided into microsecond pulses to
localize the thermal effects to the level of the retinal pigment epithelium (RPE),
which lies between the neural retina and the choroidal layer and plays a vital role
in the maintenance of the photoreceptor function. The term “subthreshold” re-
fers to laser energy applied without visible intraretinal damage or scarring either
during or after treatment. Laser burns produced by SDM do not appear on fluo-
rescein angiography, which indicates the intact RPE tight junctions [28]. With
micropulse duration, the increase in temperature of the neurosensory retina will
not exceed the protein denaturation threshold when the minimum laser irra-
diance required for activation of the RPE is applied. Sublethally injured RPE is
hypothesized to modify the expression of various cytokines that regulate angi-
ogenesis and vascular leakage, which is believed to be responsible for the thera-
peutic effects of SDM [29].

Using a micropulse mode, laser is delivered with a train of short repetitive
pulses separated by variable quiet intervals achieved by alteration of the duty
cycle of laser. A duty cycle is the fraction of a period of time when the laser is
“on”. This “on” time is the duration of each micropulse (typically 100 ps to 300
us), and the “off” time (typically 1700 ps to 1900 ps) is the interval between mi-
cropulses, which allows for reduction of originated heat [30]. When a low duty
cycle is used, commonly set at 5% for SDM, the “on” time is short enough to al-
low the tissue return to baseline temperature between pulses, which also limits
the time for thermal dissipation between each pulse thereby reducing collateral
damage. To achieve the beneficial effects of laser, repeated pulses are added, al-
lowing the tissue to return to baseline temperature between pulses.

The absence of collateral laser damage with micropulse laser may allow
high-density therapy. Low-intensity/high-density micropulse laser is particular
favorable for DME or ischemic retina with PDR. SDM was demonstrated as

equal or superior to conventional laser photocoagulation for the treatment of
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DME and PDR without causing any adverse treatment effects or complications
[31]. SDM have also been shown to avoid the risks of conventional laser with the
ability to achieve similar clinical effects in patients with macular edema second-

ary to branch retinal vein occlusions and subretinal fluid from CSCR [32] [33].

5. Selective Retinal Therapy (SRT)

Conventional laser photocoagulation has limited use in many retinal diseases
involving the macular such as age-related macular degeneration (AMD), DME,
and CSCR due to collateral thermal damage which can cause severe loss of vi-
sion. These diseases are considered to be associated with the dysfunction of RPE.
Selective retinal therapy (SRT) with microsecond pulses has been developed to
selectively induce changes in the RPE so that the laser-induced thermal damage
to surrounding tissue can be avoided, particularly to the neurosensory retina
[34]. With microsecond pulses, produced heat is confined to the absorber site,
predominantly the melanosomes within RPE cells. Formation of intracellular
microbubbles around melanosomes results in destruction of RPE cells while
avoiding damage to surrounding tissue. Subsequently, RPE cells proliferate and
migrate into the lesion site to restore RPE continuity. The clinical potential of
microsecond pulses in selectively destroying RPE cells was first demonstrated in
rabbit eyes [35] [36]. It used 5-microsecond argon laser pulses at 514 nm and a
repetition rate of 500 Hz. Histologic analysis revealed that the damage in SRT le-
sions is primarily limited to the RPE while the surrounding retinal temperature
remains at sublethal levels. Preliminary clinical trials performed with a Nd:YLF
laser using a pulse duration of 1.7 ps have demonstrated no visual loss after the
treatment, as confirmed by microperimetry [37].

An alternative mode of SRT has been developed which allows for the use of a
currently available laser system using a rapidly scanning CW laser to produce
microsecond laser dwell times to achieve the selective treatment of RPE cells
[38]. Experiments with rabbits have demonstrated that line scanning mode of
the PASCAL® laser can produce 15-microsecond and 60-microsecond retinal
exposures which damages the RPE without a loss of overlying photoreceptors
(Figure 4).

So far, the efficacy and safety of SRT have been established through several
small clinical trials [39] [40]. In an international, multicenter clinical trial, SRT
was performed on patients suffering from DME, CSCR, and drusen associated
with AMD. One-year follow up after SRT, most of the patients underwent a re-

duction in symptoms [37].

6. Retinal Rejuvenation Therapy

Age-related macular degeneration (AMD) is now the leading cause of severe vi-
sion loss in adults over 50 years old worldwide. AMD is classified as either neo-
vascular (Wet AMD) or non-neovascular (Dry AMD). Early AMD is characte-

rized by three common pathologies including thickening of Bruch’s membrane,
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100 pm

Figure 4. Healing of retinal lesions produced by line scanning laser with 15 microseconds
dwell time. Histology of clinically invisible lesion at 1, 3, and 7 days after treatment. One
day demonstrates RPE cell collapse and increased density of the outer segments. At 3
days, outer segments appear abnormal within a zone twice as wide than the initial lesion,
with edema between the outer segments and RPE. By 1 week, the RPE defect and the
damage to the outer segments have largely resolved. Reprinted from “Selective Retinal
Therapy with Microsecond Exposures using a Continuous Line Scanning Laser”, by Pau-
lus, Y.M., Jain, A., Nomoto, H., Sramek, C., Gariano, R.F., Andersen, D., Schuele, G.,
Leung, L., Leng, T., & Palanker, D. 2011, Retina, 31(2): 380-388.

deposits termed drusen under the RPE, and pigmentary changes in the macula.
More advanced stages of AMD demonstrate either atrophy of RPE and retina
and subretinal neovascularization, which are known as geographic atrophy (Dry
AMD) and neovascular AMD respectively. The dysfunction and loss of RPE cells
is regarded as the main pathological changes of AMD [41]. Although there are
effective treatments available for patients with wet AMD such as anti-vascular
endothelial growth factor (anti-VEGF) agents, there are currently no approved
medical or surgical treatments available for patients with dry AMD, which ac-
counts for the majority of AMD cases, although this is an area of active investi-
gation with several active clinical trials.

An innovative, non-thermal, ultra-low energy, short-pulse (3 nanoseconds),
532-nm laser, the Retinal Rejuvenation Therapy laser (2RT™; Ellex Medical
Lasers Ltd.), has been recently developed as a novel method to reduce the num-
ber of drusen and thus delay the progression of early AMD [42]. Compared with
SDM and SRT, this technology uses even shorter pulse duration laser to confine

the laser energy to the RPE and thus reduce collateral thermal damage [43].
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During the treatment, the speckle beam profile of nanosecond laser targets indi-
vidual RPE cells, which causes intracellular damage through microbubble
growth and subsequent expansion around endogenous melanosomes in RPE
cells. The nanosecond laser-induced RPE injury is intended to stimulate a bio-
logical regeneration and migration of RPE cells without collateral tissue damage.
Several clinical trials have demonstrated the potential of 2RT™ to reverse pa-
thologic changes in patients with early AMD, preventing neovascularization and
progression to wet AMD [44] [45]. The 2RT laser, at the subthreshold setting,
has also been shown to be as effective as conventional retinal photocoagulation

in reducing macular edema secondary to diabetic retinopathy [46].

7. Photo-Mediated Ultrasound Therapy (PUT)

Numerous ocular diseases are associated with neovascularization. However,
currently available anti-vascular treatments such as anti-VEGF agents and pho-
todynamic therapy (PDT) have several drawbacks. Recently, our group devel-
oped a novel, selective, localized anti-vascular technique called photo-mediated
ultrasound therapy (PUT) by applying synchronized nanosecond laser irradia-
tion and ultrasound pulses. The high precision of PUT is closely related to its
underlying mechanism which is photoacoustic cavitation, or more generally, the
photospallation effect. When pulsed laser energy is absorbed by blood, photos-
pallation may produce cavitation through strong, transient thermal-elastic stress.
Moreover, in an object with spherical or cylindrical shape (e.g. a blood vessel),
the laser-induced photoacoustic wave can converge into the center and achieve a
significantly high acoustic pressure and produce cavitation, which is referred to
as “cold bubbles” and has been observed in cells. The addition of a laser pulse to
an existing ultrasound field can significantly improve the likelihood of localized
inertial cavitation [47].

Taking advantage of the high optical absorption of hemoglobin, PUT can se-
lectively target microvessels without causing unwanted damage to the sur-
rounding tissue (Figure 5). In PUT, the required energy levels of both ultra-
sound and laser are significant lower than those used in previous therapies.
Therefore, no significant temperature rise is induced and thermal damage can be
effectively avoided. Moreover, PUT is noninvasive and agent-free unlike PDT.

Pre-clinical studies in rabbits has shown that PUT holds significant potential
for the management retinal and choroidal vascular diseases in future, but further

investigation and clinical trials are needed.

8. Conclusions

Retinal laser therapy has been playing a critical role in the care for numerous re-
tinal diseases for over 50 years. Conventional laser photocoagulation has signifi-
cant side effects. There have been significant modifications and novel laser mod-
alities developed to achieve better outcomes while minimizing the side effects of

conventional retinal laser therapy (Table 1).
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Figure 5. Effect of PUT on a rabbit ear model in vivo and histological photographs of
rabbit ear tissues. ((a), (b)) Examples of the blood perfusion maps measured by a Peri-
Cam PSI System before and after PUT on a rabbit ear. The perfusion map clearly demon-
strated diminished blood flow in the treated microvessels after the treatment. Orange cir-
cled indicate treated areas. ((c), (d)) H & E stain images of rabbit ear tissue without and
with PUT treatment respectively. The formation of fibrin clot (black arrow) within the
lumen in an auricular vein can be noticed, while the surrounding cells outside the blood
vessel are not damaged. Scale bar: 50 um. Reprinted from “High-precision, non-invasive
anti-microvascular approach via concurrent ultrasound and laser irradiation”, by Hu, Z.,
Zhang, H., Mordovanakis, A., Paulus, Y.M,, Liu, Q., Wang, X., & Yang, X. 2017, Scientific
Reports, Jan 11; 7: 40243.

Table 1. Comparison of various novel retinal laser techniques.

PASCAL® NAVILAS® SDM SRT 2RT"
532-nm
. . 527-nm Nd-YLF/532-nm
Laser devices Nd-YAG/514-nm argon 577-nm Yellow laser 810-nm diode laser 532-nm Nd-YAG laser
Nd-YAG laser
laser
Pulse duration 10 - 1000 msec 10 - 1000 msec 100 - 300 psec 1.7 psec/15 - 60 msec 3 nsec
Indications PDR/DME/RVO PDR/DME/RVO CSCR/DME CSCR/DME Early AMD
Advantages Shortened treatment ~ Eye-tracking/Better Minimized collateral tissue Selectively damage RPE  Confine laser energy to
\¢
§ time/Increased safety accuracy damage cells RPE cells
No stereoscopic Long treatment Lack of non-invasive No visible reaction on
o Uncontrolled eye . s . i
Limitations view/Unavailability ~time/Treatment protocols methods to detect RPE/Impossible to
movements . . .
of ICG angiography not well-established treatment effects determine the treated area

Pattern scanning laser photocoagulation (PASCAL") was developed to rapidly
apply numerous spots in a defined pattern to reduce treatment time, increase
patient comfort, and improve the accuracy of treatment. Navigated laser has
further improved the treatment accuracy using image-guidance. Micropulse and

nanosecond pulse duration laser have shortened laser pulses to cause more loca-
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lized laser-induced effects and reduce unwanted thermal damage to surrounding
tissues.

The development of these novel technologies demonstrates that lasers will
continue to play a critical role in the treatment of retinal diseases. In the future,
further investigations will also be made to evaluate the effect of combined ther-
apy. Concurrent therapy of laser and pharmacologic agents has been shown to
not be simply additive, but the laser and pharmacotherapies can affect the out-
comes of one another. More recently, a newly described laser technology PUT
combines laser irradiation with ultrasound bursts shows great potential for the
management of neovascular diseases [48]. Continuing innovations in laser
technology and improved understanding of laser-retinal interactions make us
believe that laser therapy will continue to play a critical role in the treatment of

retinal diseases for many years to come.
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