Retina Lasers in

hKaI melogL
\\ .\\'-

Clinical Insights and
Advancements

Andrzej Grzybowski
Jeffrey K. Luttrull
lgor Kozak

Editors

&\ Springer  [NHIEIN®)



Retina Lasers in Ophthalmology



Andrzej Grzybowski - Jeffrey K. Luttrull -
Igor Kozak
Editors

Retina Lasers
in Ophthalmology

Clinical Insights and Advancements

@ Springer



Editors

Andrzej Grzybowski Jeffrey K. Luttrull

Institute for Research in Ophthalmology Ventura County Retinal Vitreous Medical
Foundation for Ophthalmology Group

Development, Ventura, CA, USA

Poznan, Poland

Igor Kozak

Vitreoretinal Surgeon and Clinical Lead

Moorfields Eye Hospital

Abu Dhabi, United Arab Emirates

ISBN 978-3-031-25778-0 ISBN 978-3-031-25779-7 (eBook)
https://doi.org/10.1007/978-3-031-25779-7

© The Editor(s) (if applicable) and The Author(s), under exclusive license to Springer Nature
Switzerland AG 2023

This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher, whether
the whole or part of the material is concerned, specifically the rights of translation, reprinting, reuse
of illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, and
transmission or information storage and retrieval, electronic adaptation, computer software, or by similar
or dissimilar methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

The publisher, the authors, and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or
the editors give a warranty, expressed or implied, with respect to the material contained herein or for any
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland


https://doi.org/10.1007/978-3-031-25779-7

Contents

10

11

12

Book Introduction ........... ... ... 1
Andrzej Grzybowski, Jeffrey K. Luttrull, and Igor Kozak

History of Lasers in Ophthalmology ............................ 5
Andrzej Grzybowski

Basics of Laser Use in Ophthalmology ........................... 29
Maram E. A. Abdalla Elsayed and Igor Kozak

Retinal Laser Treatment for Age-Related Macular
Degeneration (AMD) ................. ... 37
Jeffrey K. Luttrull

Lasers in Diabetic Retinopathy ................................. 61
Maciej Gawecki, Jeffrey K. Luttrull, and Andrzej Grzybowski

Lasers in the Treatment of Central Serous Chorioretinopathy ..... 117
Maciej Gawecki and Andrzej Grzybowski

Laser for Retinal Vascular Occlusions ........................... 167
Sathy V. Bhavan and Jeffrey K. Luttrull

Laser Treatment in Intraocular Tumors ......................... 183
Korol A. R. and Nasinnyk I. O.

Laser Treatment in Rhegmatogenous Retinal Detachment ........ 195
Jana Stefanickova and Igor Kozak

Laser Treatment of Vitreous Floaters ........................... 201
Maram E. A. Abdalla Elsayed and Igor Kozak

Ischemic Peripheral Retinopathies .............................. 207
Maciej Gawecki and Andrzej Grzybowski

Laser Treatment of Retinopathy of Prematurity .................. 241
Katsan Sergey, Adakhovska Anastasiia, and Igor Kozak



vi

13

14

15

16

17

18

19

Laser Use for Hyaloidotomy ...............................

Maram E. A. Abdalla Elsayed and Igor Kozak
The Mechanism of Retinal Laser and Its End Result:

Neuroprotecion ....................iiiiiiiiiinneennnnn.

Jeffrey K. Luttrull

Laser in Treatment of Retinal Artery Occlusions ............

Stanislav Saksonov, Lyubomyr Lytvynchuk, Goran Petrovski,
and Andrzej Grzybowski

Laser Treatment of Submacular Hemorrhages ..............

Lyubomyr Lytvynchuk, Stanislav Saksonov, Goran Petrovski,
and Andrzej Grzybowski

Retinal Laser Telephotocoagulation and Teleeducation ......

Igor Kozak

Diabetes Mellitus Associated Progressive Neurovascular

Retinal Injury ........ ... . . .

Stephen H. Sinclair

The Future for Retinal Laser Treatment. Is There One? .....

Jeffrey K. Luttrull

Contents



Abbreviations

PRP  panretinal photocoagulation
RPC  retinal photocoagulation
SML  subthreshold micropulse laser
LIRD laser-induced retinal damage

Others, pretty obvious

ABD
AAO
ACE
AMD
APS
AVMD
BCVA
BRVO
BVMD
CCF
CNV
CRVO
CS
CSCR
CST
CwW
DC
DCP
DME
DR
DRCR net

Adamantiades-Behcet disease
American Academy of Ophthalmology
angiotensin converting enzyme

age related macular degeneration
antiphospholipid syndrome

adult onset vitelliform macular dystrophy
best corrected visual acuity

branch retinal vein occlusion

Best vitelliform macular dystrophy
carotid cavernous fistula

choroidal neovascularization

central retinal vein occlusion

contrast sensitivity

central serous chorioretinopathy
central subfoveal thickness

continuous wave

duty cycle

deep capillary plexus

diabetic macular edema

diabetic retinopathy

Diabetic Retinopathy Clinical Research network

vii



viii

DRIL
DRS
DSM
ECA
ED
EDI -OCT
EpM
EOG
ERG
ERM
ETDRS
FA
FAF
FAZ
FCE
FEVR
HVS
ICA
ICGA
ILM
(0)4
I0TB
1P

IRV
IRVAN
IVA
IVB
IVR
LFTU
MAPASS
ME
MNV
MRI
nAMD
ND
NPDR
NPSR
NV
NVD
NVE
OCT
OCTA
ODP
OIS
PCV

disorganization of inner retinal layers
Diabetic Retinopathy Study

dome shaped macula

external carotid artery

Eales’ disease

enhanced depth of imaging OCT
end-point management
electrooculography
electroretinography

epiretinal membrane

Early Treatment Diabetic Retinopathy Study
fluorescein angiography

fundus autofluorescence

foveal avascular zone

focal choroidal excavation

familial exudative vitreoretinopathy
hiperviscosity syndromes

internal carotid artery

indocyanine green angiography
internal limiting membrane
intraocular pressure

intraocular tuberculosis

incontinentia pigmenti

idiopathic retinal vasculitis
aneurysms and neuroretinitis
intravitreal aflibercept

intravitreal bevacizumab

intravitreal ranibizumab

lost to follow-up

Manchester Pascal Study

macular edema

macular neovascularization

magnetic resonance imaging
neovascular age related macular degeneration
Norrie disease

non-proliferative diabetic retinopathy
non-proliferative sickle cell retinopathy
neovascularization
neovascularization at disc
neovascularization elsewhere

optical coherence tomography

OCT angiography

optic disc pit

ocular ischemic syndrome
polypoidal choroidal vasculopathy

Abbreviations



Abbreviations

PDR proliferative diabetic retinopathy
PDT photodynamic therapy

PED pigment epithelial detachment

PEHC peripheral exudative hemorrhagic chorioretinopathy
PHR proliferative hypertension retinopathy
PNV pachychoroid neovasculopathy

PPE peripapillary pigment epitheliopathy
PPS peripapillary pachychoroid syndrome
PPV pars plana vitrectomy

PRN pro re nata — as needed

PSR proliferative sickle cell retinopathy
RCO Royal College of Ophthalmologists
RPE retinal pigment epithelium

RR radiation retinopathy

RVO retinal vein occlusion

SAH systemic arterial hypertension

SCP superficial capillary plexus

SCD sickle cell disease

SCR sickle cell retinopathy

SD - OCT spectral domain optical coherence tomography
SFCT subfoveal choroidal thickness

SLE systemic lupus erythematosus

SRD serous retinal detachment

SRF subretinal fluid

SRT selective retinal therapy

SS-OCT swept source OCT

TR therapeutic range

TRD tractional retinal detachment

UWF ultra-wide field

VEGF vascular endothelial growth factor
VH vitreous hemorrhage

VKH Vogt-Koyanagi -Harada



Chapter 1 ®)
Book Introduction Geda

Andrzej Grzybowski, Jeffrey K. Luttrull, and Igor Kozak

After its introduction into ophthalmology in the 1960s, retinal photocoagulation
(RPC) was firmly established as the standard of care for retinal laser treatment by
the Early Treatment of Diabetic Retinopathy Study (ETDRS 1985) and Macular
Photocoagulation Study Group reports (1986). Note that this was some 40 years
ago. Remarkably, despite the relatively ancient (in modern technological terms)
origins of RPC, it remains the standard of care for retinal laser treatment and partic-
ularly the treatment of complications of DR according to AAO preferred practice
patterns. Such stasis should be of concern to everyone. How many other interven-
tions in ophthalmology continue essentially unchanged since 1985? Where have
intracapsular cataract surgery, aphakic spectacles and open-sky vitrectomy gone?
This persistence in the ophthalmic armamentarium is not because of the superiority
of RPC to other treatment approaches that have developed since that time, or the lack
of progress. It is because the rise of drug therapy and influence of the pharmaceutical
industry have diverted professional attention and virtually all funding for clinical
trials away from retinal laser treatment, to drug therapies [1]. This focus has been
amplified by the fact that researchers tend to follow established trends rather than
pursue novel research. This affects both the availability of funding and peer accep-
tance. Consider research in the 1990’s, when virtually every research grant and paper

A. Grzybowski ()
University of Warmia and Mazury, Olsztyn, Poland
e-mail: ae.grzybowski@gmail.com

Institute for Research in Ophthalmology, Foundation for Ophthalmology Development, Poznan,
Poland

J. K. Luttrull
Ventura County Retina Vitreous Medical Group, Ventura, CA 93003, USA

I. Kozak

Vitreoretinal Surgeon and Clinical Lead Moorfields Eye Hospital, Abu Dhabi, United Arab
Emirates

e-mail: igor.kozak @moorfields.ae

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 1
A. Grzybowski et al. (eds.), Retina Lasers in Ophthalmology,
https://doi.org/10.1007/978-3-031-25779-7_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-25779-7_1&domain=pdf
mailto:ae.grzybowski@gmail.com
mailto:igor.kozak@moorfields.ae
https://doi.org/10.1007/978-3-031-25779-7_1

2 A. Grzybowski et al.

was judged by its relevance to acquired immune deficiency. It is more acceptable to
fail following the crowd than by taking a different approach or pursuing a new direc-
tion alone; failure pursuing popular research is unfortunate, failure pursuing novel
research may be considered foolish and even unscientific [2].

The shift of attention away from laser to drug therapy has had a great impact on
both basic research and clinical practice. The lack of trial funding for laser treatment
has created the impression that retinal laser treatment has not progressed since RPC
and is thus no longer relevant in the drug era. Despite this impression, there is ample
evidence to the contrary. Unfortunately, this evidence gets little attention. This may
be because retinal laser treatment does not produce revenue for the companies that
sponsor over 95% of all clinical trials in medicine and ophthalmology, produce
revenue for numerous practitioner investigators for recruiting and treating patients
in the many large industry funded clinical trials, and financially support all major
ophthalmic journals and professional societies alike. Thus, data for retinal laser
treatment since the 1980s has relied on small clinical trials, retrospective studies,
and real-world data studies that can be done at far lower cost than large RCTs. One
result is that advances in laser treatment are dismissed as lacking sufficient data
and large RCTs, despite highly consistent results from numerous sources. Despite
neglect of laser treatment, studies show that retinal laser treatment continues to
be indispensable. In this light, we will review the historical data on RPC for DR,
and attempt to move the discussion forward by noting advances in our understanding
an application of retinal laser treatment since 1985. Older, increasingly obsolete
treatments will always have an advantage in evidence over newer, better treatments,
simply by virtue of a larger library of data accumulated over the years. If the weight
of accumulated evidence is all that guides us, there will be no progress. In this book
we review the historical standards but will also attempt to show where progress is
being made, and where more needs to be made.

We hope to show that modern retinal laser therapy, defined as that which is effec-
tive while being reliably sublethal to the RPE and thus clinically harmless, has no
rival—drug or other laser approach—in its usefulness. Conventional RPC applica-
tions were limited very narrowly to treatment of diabetic retinopathy, central serous
chorioretinopathy, retinal vein occlusions and ablative treatment of choroidal neovas-
cularization. Modern retinal laser treatment improves the management of such tradi-
tional laser treatment indications without harming the retina, but also might increase
the utility of retinal laser treatment to include neuroprotective, preventive, and ther-
apeutic treatment of all the major causes of irreversible visual loss, the chronic
progressive retinopathies, including dry age-related macular degeneration and open
angle glaucoma. The indications for RPC were those things that could be destroyed.
The indications for modern retinal laser therapy are those things can benefit from
improvement and restoration. This is a longer list. We hope you will agree that such
progresses warrants both more attention and great optimism for the future of retinal
laser therapy.
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Chapter 2 ®)
History of Lasers in Ophthalmology oo

Andrzej Grzybowski

The history of medicine is full of controversy over the priority of inventions. There
are two such controversies in the history of lasers. The first concerns the idea of
photocoagulation, the second—the concept of laser.

The Idea of Photocoagulation

Early observations and first attempts

The idea of photocoagulation consists of several observations that have been known
for a long time. First, it is the idea of the so-called burning glass, i.e. that the sun’s
rays can be focused with a lens to ignite or burn an object.

Burning Glass

This technology of using lenses to start fires for various purposes has been known
since antiquity, as reported by many Greek and Roman writers [1]. For example, the
use of glass vases filled with water to create a heat intense enough to ignite clothing,
as well as convex lenses that were used to cauterize wounds was described by Pliny
the Elder [2]. This concept was also used in very popular plays of Aristophanes,
what shows that this knowledge was quite common and easy available [3]. The most
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Fig. 2.1 Wall painting from the Uffizi Gallery, Stanzino delle Matematiche, in Florence, Italy,
showing the Greek mathematician Archimedes’ mirror being used to burn Roman military ships.
Painted in 1600. Source https://commons.wikimedia.org/wiki/File: Archimedes-Mirror_by_Giulio_

Parigi.jpg

famous, although never confirmed, is the story that during the siege of Syracuse in
212 BC, when the city was besieged by Marcus Claudius Marcellus of the Roman
Republic, Archimedes devised a burning glass that was used to set fire to Roman
warships (Figs. 2.1, 2.2 and 2.3).The Roman fleet was supposedly incinerated, though
eventually the city was taken and Archimedes was murdered [3, 4]. This legend
probably led to the future interest and research on burning glasses and lenses, by
both Christian and Islamic world, including Ibn Sahl in his On Burning Mirrors and
Lenses (tenth century), [5] Alhazen in his Book of Optics (1021), and many others.
Both Joseph Priestley and Antoine Lavoisier used burning lenses in their experiments
[6] (Fig. 2.4).

Solar Blindness

The second issue related to the concept of photocoagulation was the understanding
that the light might be deleterious to human tissues. The dangerous of the light to
the eye following the observation of a solar eclipse was known since antiquity. For
example, in Plato’s Phaedo Socrates admonished that one must take care not to look
directly at the sun during an eclipse but to view the sun’s reflection in water or some
other such medium: ,,...there is a danger in looking at the sun during an eclipse,
unless the precaution is taken of looking only at the image reflected in the water, or in
aglass. (...) Socrates proceeded: —I thought that as I had failed in the contemplation
of true existence, I ought to be careful that I did not lose the eye of my soul; as people
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Fig. 2.2 Engraving from the title page of Opticae Thesaurus, a Latin edition of Ibn al-
Haytham’s Book of Optics. Among other things it shows how Archimedes allegedly set Roman
ships on fire with parabolic mirrors during the Siege of Syracuse. Source https://commons.wikime
dia.org/wiki/File:Thesaurus_opticus_Titelblatt.jpg

may injure their bodily eye by observing and gazing on the sun during an eclipse,
unless they take the precaution of only looking at the image reflected in the water, or
in some similar medium” [7].

Galen describes that blindness can be produced by gazing at the sun without
blinking, especially during sun eclipse.

»Indeed, if anyone wished to gaze full at the sun without blinking, he would
quickly destroy his sight, and at the time of an eclipse many who wish to gain a more
accurate understanding of the phenomenon and so look intently at the sun have
blinded themselves completely without realizing what they were doing. And how bad
for the eyes it is to walk through the snow you may learn by trying it yourself, if you
do not believe Xenophon” [8].

Galileo is known to have injured his eyes by observation of the sun with his
telescope [9]. The first description of a central scotoma following a solar burn of
the retina was reported by Theophilus Bonetus (1620-1689) [10]. One of the early
clinical ophthalmoscopy descriptions comes from Coccius in 1853 [11], and in 1858
by Charcot who gave the description of photophthalmia and erythema produced
by a small electric laboratory furnace [12]. Since than it was reported by many,
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Fig. 2.3 Illustration depicting the sun’s rays being focused to start a fire. Source Johann Amos
Comenius. Orbis sensualium pictus. Niirnberg, 1658. https://en.wikipedia.org/wiki/Burning_g
lass#/media/File:OrbisPictus_b_162.jpg
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Fig. 2.4 Lavoisier with French Academy of Sciences’ lentilles ardentes
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with one of the largest series of 200 cases reported by Birch-Hirschfeld [13] and
Blessig [14] after the eclipse in 1912. Interestingly, early experimental studies on
the use of light energy to affect the retina started in the nineteenth century. Czerny
in 1867 [15] and Deutschmann in 1882 [16] described their studies based on the
use of mirrors and lens system to produce the retinal lesion in rabbits. Czerny found
marked destruction of retinal elements in 10 to 15 s exposure with concentrated sun
rays [15]. Deutschman reported that these changes could be noted in 1 s in the same
manner [16]. In 1898 Herzog confirmed these results and reduced the exposure time
to less than 1 s [17]. The introduction of the arc light in years 1879-1880 helped for
more accurate and extensive study of ultra violet light which the electric arc supplies;
and produced many cases of new entity ,,ophthalmia electrica”. In 1893 Widmark
reported to produce a retinal lesion with an arc light [18]. Verhoeff et al. published
in 1916 an interesting study on pathological effects of radiant energy to the eye,
including retinal burns conducted by carbon arc [19].

In 1927 Maggiore performed the first experimental photocoagulation of the human
retina in eyes with malignant intraocular tumors by reflecting sunlight. He focused
sunlight for 10 min into an eye that was to be enucleated because of a malignant tumor,
and eyes were studied histologically and were found to show marked hyperemia and
edema of the retinal structures [20]. In 1944, Cordes described macular burns in the
military personnel who observed Japanese airplanes into the sun during the WWII
[21].

Gerd Meyer-Schwickerath (1920-1992)

Meyer-Schwickerath developed the technique to obtain clinically useful results and
is worldwide considered the father of retinal photocoagulation. In 1946 he, 26-year-
old at that time, started his seminal work that led to the introduction of a light
photocoagulation into clinical practice. It was due to his teacher Marchesani who
requested his help with a medical student who was describing his own macular burn
which he received while watching the sun eclipse of July 10, 1945 [22, 23]. His thesis
was accepted at the University of Hamburg in 1947 [24] (Fig. 2.5).

It took him more than four years to translate the idea into the first instrument for
clinical use. The first experimental device was based on a huge carbon arc from an
old episcope. Although the experiments on rabbits were promising, the human results
were disappointing. This led him to develop the next instrument that used the sun as
the light source. This device made use of heliostate to compensate for the movement
of the earth what otherwise would remove the sunlight out of the optical axis of the
instrument (Fig. 2.6). The major limitation of this approach was that it could be used
only on bright sunny days. In 1949, he started working on high-intensity arc, known
also as Beck arc (Fig. 2.7), that he used between 1950-1956 in several hundreds of
patients. In 1956, in collaboration with Dr. Hans Littmann from Zeiss they developed
first commercially available device, Zeiss photocoagulator with xenon arc (Fig. 2.8).
The first cases treated with photocoagulation were a peripheral horseshoe-shaped
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Fig. 2.5 The 1947 drawing
of a “retinopathia solaris”
that sparked
Meyer-Schwickerath’s idea
of photocoagulation. (Source
Hamm H. Zentralskotom
nach Sonnenblendung.
[dissertation]. University of
Hamburg, Hamburg,
Germany. 1947)

tear with no retinal detachment and a traumatic macular hole. He later developed
treatment protocols for intraocular tumors, Eales disease, Coats disease, and von
Hippel-Lindau angiomatosis [25-29].

He was also first to treat diabetic retinopathy with light coagulation between 1955
and 1959, but results were disappointing [30]. In 1964, Schott from Essen in Germany
reported the convincing and positive results of treating 58 patients. He advocated
the treatment in advanced background and early proliferative phase retinopathies.
He proposed the number of up to 200 individual coagulations within 2-3 sessions.
This gave the origin to panretinal coagulation [31]. In 1968, Meyer-Schwickerath
and Schott, proposed that the signs and symptoms of diabetic retinopathy can be
reversed if treatment if performed in the early stages and that photocoagulation in
the early stages can prevent the late complications of proliferation, hemorrhage, and
retinal detachment [30].

José Moron Salas (1918-2000)

What is much less-known that before Meyer-Schwickerath, Spanish ophthalmologist
José Mor6n Salas (1918-2000) conducted similar experiments [32, 33]. In fact, he
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Fig. 2.8 Zeiss photocoagulator with xenon arc

was the author of the first known experience of therapeutic photocoagulation of
retina, because he had previously used a similar technique in rabbit and human eyes
in 1945 and 1946. These studies were described in his doctoral dissertation, which
was defended in 1946, almost three years before Meyer-Schwickerath. He wrote:
“(...) scars produced by sunlight are very variable in intensity, depending on the
stational variations, amount of sunlight, moment of the day, atmospheric changes,
ophthalmoscopy lens position, (...) pupil size, refractive status of the patient, media
transparency, retinal pigmentation, gaze direction, (...)” [34]. Interestingly, Morén
did not publish his results until 1950, when after reading the Meyer-Schwickerath’s
reports he decided to share his experiences [35]. Due to the limitations derived from
the sunlight variations, he searched for a different light source. All trials with lamps
with filament were negative, and he tried with an arc lamp up to 15 amperes. In 1946,
he practiced the procedure with an intense white light in four patients with retinal
detachment. After pharmacological mydriasis, the patient kept his gaze in the same
direction that of the light, Moron placed the voltaic arc in the place of the observer. The
exposition time was 5 min. The results were unsatisfactory, the fixation was not good
enough and patients complained with heating. Later, he tried the same procedure in
two patients with retinal tear without retinal detachment, and the final lesion was not
strong enough to close a retinal tear. Mordn postulated that ideal conditions to treat
a retinal tear with light photocoagulation, include the attached retina, not peripheral
tear, dark fundus, clean ocular media, emmetropia and good mydriasis. He noted
also that he had never treated a case with such a favorable condition, and remarked
that Meyer-Schwickerath was luckier or more perseverant than him, getting what he
was looking for, and resolving three retinal detachment cases with that technique.
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Fig. 2.9 The Spanish ophthalmologist José Morén Salas (1918-2000) (right) with Dr. Antonio
Olivella (left) and Prof. Meyer-Schwickerath (center) in the Retina Symposium celebrated in Sevilla
in 1983

Interestingly, Meyer-Schwickerath mentioned in his first articles Morén as one of
the precursors in the idea of photocoagulation [29] (Fig. 2.9).

Other Important Contributors

The first successful clinical application of photocoagulation in USA was performed
in 1957 by Guerry, Wiesinger and Ham [36]. They photocoagulated a central von
Hippel’s hemangioma of 2-3 diameters in size with a light beam from an experi-
mental instrument built for retinal burn studies in rabbits. This device employed a
24-inch carbon arc searchlight as light source with an ellipsoidal mirror for reduction
of the solid cone of radiation. They reported only a faint macular scar after four years
and improvement in visual acuity from 20/200 and large central scotoma to 20/70
with a small scotoma. The same authors presented their clinical and experimental
experiences with light coagulation in several subsequent articles. This group, later
with W. Geeraets, was very well-prepared for early light coagulation studies since
they have worked earlier on the toxicity of light produced by atomic bomb to the
eye structures [37-39]. Later, they become the leading groups in photocoagulation
in USA [40—42]. In 1958 Guinan presented his observations from his visit to Bonn
University to Mayer-Schwickerath [43], and Ten Doesschate reported a few cases
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Fig. 2.10 Operator with binocular indirect ophthalmoscope exposing rabbit eye to light coagula-
tion. Source Brockhurst RJ, Wolf E, Schepens CL. Light coagulation with indirect ophthalmoscopy.
AMA Arch Ophthalmol. 1959 Apr;61(4):528-32

treated with photocoagulation, including choroidal melanoma, peripheral degener-
ations with retinal holes, flat retinal detachments with retinal holes [44]. In 1959,
Heinzen, Ricci, Dubler and DuFour presented a report from 3 Swiss ophthalmology
clinics on their experiences with light coagulation [45], and Brockhurst et al. reported
on light coagulation with indirect ophthalmology [46] (Fig. 2.10).

In the following years, photocoagulation found application in the prevention
and treatment of retinal detachment. One of the first to notice this was Meyer-
Schwickerath. This was proposed in 1959 by Linnen, in 1960 by Boecke, Girard,
Havener, Murreh, Pischel et al., Nowell et al., and Cibis [47-57]. In the same year,
Heinzen published an extensive monograph on the prophylactic treatment of retinal
detachment and presented critical discussion of indications and contraindications
for the light coagulation for this purpose [58]. This time of enthusiasm and reserve
towards the new treatment possibilities, introduced first by light coagulation, and later
by lasers, is interestingly described in interview by American Academy of Ophthal-
mology Oral History Collections with DuPont Guerry I1I, MD and Dohrmann Kaspar
Pischel, MD, two pioneers of these technologies in USA [59, 60].



2 History of Lasers in Ophthalmology 15

The Complicated Beginnings of Laser

Max Planck in 1900 showed based on his studies on the radiancy of light that lightis a
form of electromagnetic radiation. Then, Albert Einstein in 1917 proposed the theory
of stimulated emission in his work on quantum theory of radiation. This argued that
light travels in units of energy called photons, and that most atoms exist in a stan-
dard ground energy stage, however, some occur at higher energy levels. Einstein
postulated that by adding energy to atoms in a ground energy level they could be
excited to a higher energy level. Then, when returning to their ground energy level,
atoms emit the energy they acquired spontaneously in the form of photons or elec-
tromagnetic wave. In short, this concept led to the stimulated emission that was the
fundament of laser development. In 1951, Charles Townes (1915-2015) (Fig. 2.11)
conceived a new way to create intense, precise beams of coherent radiation, for which
he invented the acronym maser (for Microwave Amplification by Stimulated Emis-
sion of Radiation). Townes in collaboration with James P. Gordon, and Herbert J.
Zeiger built the first ammonia maser that used stimulated emission in a stream of ener-
gized ammonia molecules to produce amplification of microwaves at a frequency of
about 24.0 gigahertz at Columbia University in New York in 1953. He also received
the patent for “microwave oscillator” in 1957. In 1956, Gordon Gould (1920-2005)
proposed using optical pumping to excite a maser, and discussed this idea with
Townes, who advised him on how to obtain a patent on his innovation, and agreed to
act as a witness. In 1957, Gould realized that an appropriate optical resonator can be
made by using two mirrors in the form of a Fabry—Pérot interferometer what would
produce a narrow, coherent, intense beam. He also coined the name of laser and many
possible applications of such a device. Gould had his ideas witnessed and notarized.
At the same time Arthur Schawlow and Charles Townes discovered the importance
of the Fabry—Pérot cavity and called the resulting device an “optical maser”. They
submitted patent application for “masers and maser communication systems” in
1958, and it was issued in 1960. Gould recorded his analysis and suggested appli-
cations in a laboratory notebook under the heading “Some rough calculations on
the feasibility of a LASER: Light Amplification by Stimulated Emission of Radia-
tion”—the first recorded use of this acronym (Fig. 2.12). Gould’s notebook was the
first written prescription for preparing a potentially working laser. Then, the story
gets much more complicated, because Gould did not patent nor publish his concept at
that time. He believed incorrectly that he needed to build a working laser to do this, he
left Columbia University without completing his doctoral degree and joined a private
research company TRG (Technical Research Group) that obtained funding for his
project from the Advanced Research Projects Agency. The government declared the
project classified, which meant that a security clearance was required to work on
it, and Gould due to his former participation in communist activities, was unable
to obtain a clearance what greatly complicated his participation in the project and
extended its duration [61-63].

In 1958 Schawlow and Townes, both later Nobel Prize awardees (Fig. 2.13), were
the first to publish the theory of laser design and operation in their seminal 1958
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Fig. 2.11 Charles Townes
(1915-2015). Source https://
commons.wikimedia.org/
wiki/File:Charles_Townes.

jpg

paper on “optical masers” [64]. Townes along with Nikolay Basov and Alexander
Prokhorov received the 1964 Nobel Prize in Physics “for fundamental work in the
field of quantum electronics, which has led to the construction of oscillators and
amplifiers based on the maser-laser principle”. Schawlow shared the 1981 Nobel
Prize in Physics with Nicolas Bloembergen and Kai Siegbahn for their contributions
to the development of laser spectroscopy. On the other hand, Gould is often credited
with the “invention” of the laser, due to his unpublished work that predated Schawlow
and Townes by a few months. Due to the aforementioned difficulties, TRG and Gould
was beaten in the race to build the first working laser by Theodore Maiman (1927—
2000) (Fig. 2.14) at Hughes Research Laboratories, who made the first working
laser in 1960. After reading the paper by Schawlow and Townes, Maiman turned to
the development of a laser based on his own design with a synthetic ruby crystal.
On May 16, 1960, his solid-state pink ruby laser emitted mankind’s first coherent
light, with rays all the same wavelength and fully in phase. Maiman documented
his invention in Nature [65]. His piece consisted of two simple figures, fewer than
300 words, and the device itself looked surprising in its simplicity. It is known
that Maiman had begun conceptualizing a solid-state laser design even before he
undertook the maser project at Hughes. Moving the microwave frequency of masers
up the electromagnetic spectrum 50,000-fold to the frequency of light would require
finding a feasible lasing medium and excitation source and designing the system.
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Fig. 2.12 The first page of the notebook in which Gould coined the acronym LASER and described
the essential elements for constructing one

This laser had a wavelength of 694.3 nm. At the same time, other research groups
atIBM, Bell Labs, MIT, Westinghouse, Radio Corporation of America, and Columbia
University, among others, were also pursuing projects to develop a laser. Maiman
submitted patent application for “Ruby laser systems” in 1961, and it was issued in
1967 (Fig. 2.15).

Gould spent next 30 years fighting with the United States Patent and Trademark
Office to obtain patents for the laser and related technologies, and with laser manu-
facturers in court to enforce the patents he subsequently did obtain. Finally, in 1985
Gould won his battle, was issued 48 patents, with the optical pumping, collisional
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Fig. 2.13 Charles Townes receiving Noble Prize in 1964. Source https://m.facebook.com/nobelp
rize/photos/a.164901829102/10158808321239103/?type=3

Fig. 2.14 Theodore Maiman
(1927-2007) Source https://
en.wikipedia.org/wiki/The
odore_Maiman#/media/File:
Maiman_with_the_first_
laser.jpg
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Fig. 2.15 Maiman with his
laser in July 1960 https://en.
wikipedia.org/wiki/The
odore_Maiman#/media/File:
Theodore_Maiman_1960.jpg
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pumping, and applications patents being the most important, including technologies
covering most lasers used at the time, like the first operating laser, a ruby laser.
The spread of lasers into many areas of technology meant that the patents were
much more valuable than if Gould had won initially, and he made of them several
million dollars. Gould was elected to the National Inventors Hall of Fame in 1991
for inventing optically pumped laser amplifier [66, 67].

In conclusion, credit for the invention of the laser is disputed, since Gould
conceived the idea, Townes and Schawlow were the first to publish the theory and
Maiman was the first to build a working laser.

Beginnings of Lasers in Ophthalmology

Maiman’s laser introduced in 1960 opened the ophthalmic world doors to many
new applications (Fig. 2.16). In 1961 Zaret started experimentations with ruby laser
photocoagulation in the rabbit retina, and in 1962 Campbell and Zweng started using
it in human treatment [68—72]. The experimental studies were continued by Kapany,
Noyori, Geeraets and Ham, among few more [73-75] (Figs. 2.17 and 2.18). The
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ruby laser was useful in sealing retinal holes, but not very helpful in the treatment
of vascular disorders. Moreover, it was related with instability of the beam and
inconvenient pulse duration. In 1961 Ali Javan, William Bennett and Donald Herriott
of Bell Laboratories described a different kind of laser, using a mixture of helium
and neon as the active medium and producing a continuous beam rather than a series
of pulses [76]. Not long afterwards, a laser based on carbon dioxide was proposed.
Gas lasers due to their ease of construction, efficiency, and versatility became, both
scientifically and commercially a dominant technology in the next decades.

The blue-green argon laser was developed in the Edward Harkness Laboratories
in the Columbia Presbyterian Medical Center in 1965, and the first study on humans
was conducted by Francis A. L’Esperance in 1968 [71]. He reported that the argon ion
laser produced a coherent, monochromatic blue-green beam of intense light energy
that is 4.5 times more effectively absorbed by hemoglobin and vascular structures
than xenon-arc radiation, and 7-8 times than ruby laser radiation; can be absorbed
even more effectively in vascular lesions by the intravenous addition of sodium
fluorescein, can deliver more continous wave (cw) power through the ocular medium
and produce a greater cw power density at the retina than any other light source.
Moreover, he showed that the blue-green beam had greater inherent energy per photon
than any laser source considered for photocoagulation therapy, and that the argon
laser produced radiation that was more highly absorbed per incident photon at the
pigment epithelium than any existing photocoagulation system [71]. In 1969, over

WORLD’S FIRST LASER
MAY 16, 1960
MALIBU, CALIFORNIA
By THEODORE H. MAIMAN

Fig. 2.16 World’s first laser https://en.wikipedia.org/wiki/Theodore_Maiman#/media/File:Wor
1d’s_first_laser_out_of_case.jpg
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Fig. 2.17 Ruby laser photocoagulator. Source Campbell CJ, Koester CJ, Curtice V, Noyori KS,
Rittler MC. Clincal studies in laser photocoagulation. Arch Ophthalmol. 1965 Jul;74:57-65

500 human subjects with different disorders were treated by him using argon laser
photocoagulation. This has opened a new dimension in photocoagulation therapy.
The argon laser permitted precise focusing and the placement of photocoagulation
spots as small as 30 to 50 micra in diameter, thus was well suited to the treatment of
macular disorders. The continuous gas phase allowed relatively slow release of energy
avoiding the “explosive effect” that occurred with the ruby laser. The experimental
and human studies by L’Esperance [77, 78], Patz, Little, Zwang, Peabody [79—-85] and
Behrendt [86] led to the introduction of a commercially available unit in 1971. Patz
etal. presented 100 consecutive cases of macular diseases treated with the argon laser
photocoagulator. They pointed advantages of this therapy due to the precise focusing
qualities of the argon laser beam and the ability to place spots of coagulation as small
as 30 to 50 micra [82]. Meanwhile, krypton and YAG laser were used in clinical trials
(Fig. 2.19).

In 1990 Pankratov invented a novel laser modality, in which the laser energy
was delivered in short pulses or “micro pulses” instead of continuous wave [87].
Micropulsing allowed selective treatment of the retinal pigment epithelium (RPE)
and sparing of the neurosensory retina [88, 89]. Micropulsed lasers due to use of
high treatment powers and / or micropulse duty cycles reduced the thermal retinal
damage. However, the belief that achieving a therapeutic effect is directly related
to laser-induced thermal retinal injury was very strong. Further developments in
producing shorter microsecond continuous-wave laser pulses, including Birngruber
and colleagues in 1992, helped sparing the photoreceptors and other intraretinal cells
and selectively target the retinal pigment epithelium (RPE) leading to coin the term
“Selective Retina Therapy” [90, 91]. In the beginning of 1990s Journee-de Korver
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Fig. 2.18 Schematic e BT
diagram of a portion of the
optical system. Source
Campbell CJ, Koester CJ,

WATER FLOW=r,

R

Curtice V, Noyori KS, Rittler [ | = \
MC. Clincal studies in laser | s E\ }
photocoagulation. Arch \ : o )/
Ophthalmol. 1965 .y N
Jul;74:57-65
e AT
FLASHTUBE

-

A A e

7 722
sl £_Rugy EFE;-'

HiGH £-QUARTZ TUBE s aven
“~REFLECTION '\ METAL REFLECTOR
MULTILAYER SLEEVE (OUTPUT END)

Fig 2.—Schematic diagram of water-cooled ruby
with removed reflectors.

LASER — —\
MIRROR
DIFFUSER —
PATIENT'S
EY BN T

et al. studied the destructive effect of hyperthermia at sub-photocoagulation level of
45-60 °C on melanomas. They performed transpupillary thermotherapy (TTT) with
a diode laser at 810 nm in patients with choroidal melanomas prior to enucleation
and showed the possible advantages of this approach [92]. Later, the concept that
micropulsed laser parameters (high-density/low-intensity “true” Subthreshold Diode
Micropulse laser, or “SDM”) without any laser-induced retina injury can be clinically
effective was confirmed [93].

Conclusions

Light is the source of life on earth for both plants and animals. Since ancient times
it has been understood that light can be the source of life and death. The awareness
that light is a source of great energy that can be dangerous to health, including vision
existed already in antiquity. From antiquity, this knowledge could also be used for
military purposes, as evidenced by the history of Archimedes. In the middle of the
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Fig. 2.19 Neodymium fiber
laser, fiber optics iluminator,
and curved tip for scleral
surgery. Source Campbell
CJ, Noyori KS, Rittler MC,
Innis RE, Koester CJ. The
application of fiber laser
techniques to retinal surgery.
Arch Ophthalmol. 1964
Dec;72:850-7

twentieth century, after earlier unsuccessful attempts, Meyer-Schwickerath was able
to show that light can be used treat some retinal disorders. This, later supported by
lasers led to the introduction of standard laser treatment in ophthalmology. The main
weakness of this approach, however, was its disruptive nature, which for years was
assumed to be essential and inextricably linked to the potential benefits of treatment.

This, however, has changed in recent years. The concept of subthreashold
laser therapy radically changes our current thinking about this form of treatment.
According to this concept, it is possible to achieve therapeutic effects in various
diseases of the retina without simultaneously destroying the relevant areas of the
retina. Although, presently we cannot evaluate all pathophysiology pathways behind
this approach in very complicated cellular and molecular environment of the retina,
however, the accumulating data shows that this the future of laser therapy. The future
experimental studies should help us to better adjust the laser beam characteristics
(wavelength, power, size, duration, etc.) to expected outcomes, what should make
this approach even more effective than it is nowadays. It might also help to enter new
fields for lasers, including early treatment, that was not possible with destructive
character of traditional laser therapy. Moreover, new disorders might be treated with
a therapy that is safe, and non-destructive. Although we still did not enter the field
of known knowns in subthreshold laser therapy, but in recent decades we certainly
moved from unknown unknowns to known unknowns.
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Maram E. A. Abdalla Elsayed and Igor Kozak

Most recently, the laser (acronym for Light Amplification by Stimulated Emission of
Radiation) celebrated its 60th anniversary. Although this original meaning denotes
a principle of operation (stimulated emission from excited atoms or ions), the term
is now mostly used for devices generating light based on the laser principle. More
specifically, it is usually laser oscillators, but sometimes also includes devices with
laser amplifiers. A laser oscillator usually comprises an optical resonator (laser
resonator, laser cavity) in which light can circulate (e.g. between two mirrors), and
within this resonator a gain medium (e.g. a laser crystal), which serves to amplify
the light (Fig. 3.1). Without the gain medium, the circulating light would become
weaker and weaker in each resonator round trip, because it experiences some losses,
e.g. upon reflection at mirrors. However, the gain medium can amplify the circulating
light, thus compensating the losses if the gain is high enough. The gain medium
requires some external supply of energy—it needs to be “pumped”, e.g. by injecting
light (optical pumping) or an electric current (electrical pumping — semiconductor
lasers) (Fig. 3.1) [1].

As mentioned above, the principle of laser amplification is stimulated emission.
“Stimulated emission” is the process by which photon emission is stimulated by
interaction of an atom in excited state with a passing photon. The photon emitted by
the atom in this process will have the same phase, direction of propagation and wave-
length as the stimulating photon. The stimulating photon does not lose energy during
this interaction. For stimulated emission to occur more frequently than absorption—
and consequently result in light amplification—the optical material should have more
atoms in an excited state than in a lower state. This “inversion of population” can

M. E. A. A. Elsayed
Oxford Eye Hospital, John Radcliffe Hospital, Oxford University Hospitals NHS Foundation
Trust, Oxford, United Kingdom

1. Kozak (<)
Moorfields Eye Hospitals UAE, Abu Dhabi, United Arab Emirates
e-mail: igor.kozak @moorfields.ae

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 29
A. Grzybowski et al. (eds.), Retina Lasers in Ophthalmology,
https://doi.org/10.1007/978-3-031-25779-7_3


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-25779-7_3&domain=pdf
mailto:igor.kozak@moorfields.ae
https://doi.org/10.1007/978-3-031-25779-7_3

30 M. E. A. A. Elsayed and I. Kozak
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Fig. 3.1 Setup of a simple optically pumped solid-state laser. The laser resonator is made of a
highly reflecting curved mirror and a partially transmissive flat mirror, the output coupler, which
extracts some of the circulating laser light as the useful output. The gain medium is a laser crystal
or rod, which is side-pumped. (Source Dr. R. Paschotta: RP Photonics Encyclopedia, https://www.
rp-photonics.com/lasers.html)

be accomplished in certain materials through the utilisation of an excitation source.
Population inversions can be produced in a gas, liquid, or solid, and these can be
pumped by continuous discharge lamps, pulsed by flash lamps, by electric discharges
in the laser medium, by chemical reactions, by an electron beam, by direct conversion
of electric current into photons in semiconductors, or by light from other lasers [2].

An additional critical element of the laser is an optical cavity which circulates the
emitted light between the two mirrors, one at either end. This results in the circu-
lation of photons through the lasing material multiple times to efficiently stimulate
emission of radiation from excited atoms. Pulsing methods used to achieve different
ranges of pulse durations comprise of electronic shutters (down to 1 ms), pulsed
flash lamps (a few ws), Q-switching (a few ns), or mode locking (a few fs). The light
entrapped inside the cavity stimulates emission of new photons from the excited laser
material with the same wavelength, direction and phase, thereby forming a coherent,
precisely directed laser beam. Lasers are thus ideal for focusing light in space, time,
or particular wavelengths. Monochromaticity of the light beam helps prevent chro-
matic aberration in the optical system, and permits precise targeting of the tissue
absorption spectrum [2, 3].

Lasers are especially well suited for ophthalmic therapy as the eye is optimally
designed for the transmission of light rays. The interactions of light rays with biolog-
ical tissues depends on both the spectral absorption properties characteristics of
the interacting tissue (scattering, conductivity), and certain radiation parameters—
wavelength, delivered spot size, pulse energy, pulse intensity and pulse duration [4].
Adequately high photon energy can induce photochemical reactions. At even higher
laser powers, absorption of light energy by the tissue can result in thermal effects
that result in thermal denaturation and tissue coagulation. This occurs at approx-
imately 60 °C. At approximately 300 °C, tissue vaporization occurs. This occurs
more frequently with shorter pulse duration, and can lead to the mechanical disrup-
tion of tissue structures. With very short pulses of high peak irradiance in the nano,
pico, or femtosecond range, atoms in focus are ionized producing micro-plasma
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that can expand extremely fast and create an acoustic shock wave which enables
high-precision ablation [4—-10].

Interactions of light with biological tissues depend predominantly on laser wave-
length, pulse duration, and irradiance. The following three categories of laser inter-
actions with biological tissues are applicable to ophthalmic lasers and serve as basis
of ocular laser therapies [10-12].

1. Photochemical
2. Photothermal
3. Photomechanical/Ionizing.

Photochemical Interactions

This is light-induced damage that occurs at energy levels below those that cause
thermal damage and occur when single photons have enough quantum energy to
convert molecules into one or more free radial particles that have the potential of
being toxic to living cells. Free radicals are short-lived molecular fragments that
have unpaired electrons in their outer orbit which makes them highly unstable and
therefore, highly reactive. The photochemical damage described depends on the
differing absorption properties of different molecules and hence such damage tends
to be highly wavelength specific.

Photochemical interactions underlie retinal photodynamic therapy (PDT) with
verteporfin and corneal collagen cross-linking with riboflavin. To avert possible
photothermal damage subsequent to an increase in temperature, these therapies are
generally performed at minimal irradiances with prolonged exposure times [13, 14].
The idea of PDT is grounded in two important mechanisms: firstly, the accumulation
of a light-activated chromophore in the pathologic tissue and secondly, the induction
of a chemical reaction through the absorption of laser-delivered light energy.

In corneal collagen cross linking (CXL), for the treatment of progressive kerato-
conus or secondary corneal ectasia, riboflavin is the photosensitizer. Its absorption
peak of 370 nm makes UV-A light ideal for CXL, whilst ensuring other ocular struc-
tures are well protected. UV-A light exposure results in the generation of reactive
oxygen species by riboflavin and this stimulates the photopolymerization process by
stimulating the formation of intrafibrillar and interfibrillar carbonyl-based collagen
covalent bonds. This photochemical reaction causes an increase in the rigidity of the
anterior corneal stromal, an increase of collagen fiber thickness and a consequent
resistance to enzymatic degradation—mediated by pepsin, trypsin and collagenase
with lengthening of the turnover time of the collagen [15].

Excimer lasers in ophthalmology also exploit the effect of a photochemical inter-
action. The change they affect in tissues occurs through a process called photoablation
as photochemical reactions at the target tissues not only decompose, but additionally
volatilise, molecules. When pulsed ultraviolet light is used in the nanosecond range
it causes fractures in the intermolecular bonds of the polymer chains of corneal
collagens, disintegrating the target tissue and providing precise corneal incisions,
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with submicron accuracy, to predetermined depths. Photoablation does not cause
much collateral damage as the vast majority of the laser energy is absorbed by the
target tissue without a resultant increase in tissue temperature. This is because the
diffusion time for heat conduction into the surrounding milieu is greater than the
millisecond range pulse duration. Laser vision correction procedures constitute the
bulk of excimer laser procedures in the field of ophthalmology however, this tech-
nology is also used in phototherapeutic keratectomy to treat corneal dystrophies, in
particular pathologies involving the epithelial basement membrane such as recurrent
epithelial erosions [16—-18].

Photothermal Interactions

Thermal energy is related to the kinetic energy of individual molecules. Molecules
absorbing laser energy, experience an increase in their vibration and an increase in
their thermal agitation. The most important signature of the photothermal reaction
is the change in tissue temperature which causes the breakage of the weak van der
Waals forces that help to stabilize molecular structures. Depending on the magni-
tude of temperature increase and the duration of exposure, different tissue effects
may ensue. These include denaturation of proteins, necrosis, or cell vaporization
depending on the amount and duration of laser energy. The main chromophores of
ocular tissues are water, proteins, melanin, haem, and macular pigments, and their
absorption coefficients are dependent on the wavelength of laser. Denaturation of
cellular proteins varies as an exponential function of temperature and demonstrates
a linear relationship with laser pulse duration. These parameters can therefore be
utilised to deliver the desire effect at the tissue level [3, 19, 20].

Photothermal effects involve photocoagulation and photovaporization. Retinal
photocoagulation involves application of pulses with durations ranging from 10
to 200 ms, and transient hyperthermia by only tens of degrees Celsius above
body temperature. History has demonstrated the use of a multitude of lasers
for retinal photocoagulation including ruby (694 nm), argon (488, 514 nm), and
krypton (647 nm) lasers. At present, green frequency-doubled neodymium—yttrium—
aluminum-garnet (Nd:YAG) (532 nm) and yellow semiconductor lasers (577 nm)
are used for this purpose [21, 22]. The laser energy is absorbed primarily by melanin
in the retinal pigment epithelium (RPE) and choroid, and by haemoglobin. Blood
vessel thrombosis is caused by light absorption resulting in structural changes in
the haemoglobin molecule and shrinkage of the collagen structures that form the
walls of blood vessels and its surrounding connective tissues. Coagulation of blood
vessels involves higher energy than other tissue due to cooling by the blood flow.
Heat generated by the absorption of the laser light in the RPE and choroid diffuses
into the retina and causes coagulation of the photoreceptors and, at times, of the inner
retinal structures. Inner retinal damage can be mitigated by restricting the energy to
the RPE and outer retina through the use of shorter pulse durations and smaller spot
sizes [3, 5, 23].
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The photocoagulation effect of retinal laser as described above leads to tissue
coagulation and photoreceptor destruction leading to damage of what we actually
want to save—the vision. For that reason photocoagulation techniques have been
developed to treat selectively the RPE sparing of the photoreceptors [24]. Producing
a train of millisecond laser pulses separated by variable quiet intervals, micropulsing
allowed selective treatment of the retinal pigment epithelium (RPE) and sparing of
the neurosensory retina. The low energy levels of the pulses are purported to stimulate
renewal of RPE as oppose to causing any tissue destruction. In subthreshold micro-
pulse laser, diffusion of heat to surrounding tissues is minimized and thereby scarring
is prevented [25]. It has been utilized in the treatment of numerous retinovascular
diseases. Treatment titration is challenging in using this technology. As the laser
surgeon does not see an effect of the treatment, there is a high risk of undertreatment
and treatment failure. However, treatment guidelines have been elaborated to assist
physicians [26-29].

Photovaporization occurs when even higher energy laser light is absorbed by the
target tissue, resulting in vaporization of both intracellular and extracellular water.
The advantage of this type of tissue response is that adjacent blood vessels are also
treated, resulting in a bloodless surgical field. The carbon dioxide laser, with its
wavelength in the far infrared, uses this method of action and is indicated in the
treatment of numerous vascular pathologies [30, 31].

Photomechanical/Ionising Interactions

Photodisruption is the process by which short pulse Nd: YAG lasers disrupt trans-
parent tissues by delivering near infrared (1064 nm) irradiances of a large magnitude
to tissue targets. These excessively high irradiances ionize material in a small volume
of space at the target of the laser beam, decaying it into an assortment of ions and
electrons given the name ‘plasma’. With the formation of plasma, subsequent radia-
tion is absorbed or scattered radiation arriving later in the pulse, thereby effectively
protecting the underlying tissues. The plasma then rapidly expands producing shock
and acoustic waves that mechanically disrupt tissues. The advantage of this ionisa-
tion process is that it is not a prerequisite for target tissues to be pigmented. The
operator needs to just focus on the area of desired disintegration. YAG lasers are
used to remove posterior capsular opacification, disrupt vitreous membranes and in
the creation of peripheral irodotomies which alleviate the effects of an occludable or
closed angle [32, 33].
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Chapter 4
Retinal Laser Treatment for Age-Related oo
Macular Degeneration (AMD)

Jeffrey K. Luttrull

Introduction

How we understand a problem informs the solutions we propose. The answers we get
are only as good as the questions we ask. Ignorance, where all investigations begin,
allows false premises to be adopted that then lead to false conclusions, or none at
all. As information and understanding are gained, the questions, and thus answers,
improve. Eventually, useful understanding is achieved and generalizable principles
are developed that foster effective action and move us forward to the next unknown.
The history of retinal laser treatment for AMD follows these common trajectories.

Fundamental to the nature of ophthalmology is that it is a field of medicine blessed
by the ability to directly visualize the eye and its parts. Thus, anatomy, structure, and
imaging of the anatomic features of the eye have always been at the core of our
conceptualization of retinal disease, informing the questions asked and answers that
followed. Thus, manipulating retinal anatomy appeared to be a sensible approach to
the problems posed by AMD.
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Conventional Suprathreshold Macular Photocoagulation
(MPC)

Overview

Continuous-wave macular photocoagulation (MPC) presented itself as well-suited to
address the problems of AMD due to its ability to alter anatomy by applying precise
photothermal cautery to the retina.

The literature concerning MPC for AMD is massive, consisting of many hundreds
of studies and thousands of reports covering nearly 6 decades of work by tens of
thousands of investigators. Only a high-level summary of general conclusions and
impressions leading to current treatment approaches can even be attempted here.
Apologies are in order to the vast majority of authors worse work cannot be even
touched on in these few pages.

In the early days of retinal laser use as MPC for AMD, intense ‘“suprathresh-
old” treatment characterized by full-thickness thermal retinal photocoagulation,
evident by a white retinal laser spot produced in the retina at the time of treat-
ment, was favored. A time of exploration and experimentation, MPC was employed
in various ways in hopes of reducing visual loss and limiting scotoma size from the
common complications of AMD, particularly choroidal neovascularization (CNV)
and pigment epithelial detachment (PED). MPC was used to attempt “wall-off”
often large extrafoveal CNV by creating a barrier of chorioretinal scarring, hoping
to prevent subfoveal extension; and both grid and ablative application of MPC was
tried for CNV and age-related PEDs [1-7].

Prophylactic MPC, or “Laser for Drusen”

Early in the experience with MPC it was noted that MPC often resulted in resolution
of nearby drusen not directly exposed to the laser [8—10]. Thus, photocoagulation
to reduce drusen, the sine qua non of AMD and suspected proximate cause of CNV
and geographic atrophy (GA), became of interest. This included both direct focal and
indirect (nearby grid) photocoagulation of the drusen themselves [10-13] (Fig. 4.1).
While MPC was effective at causing drusen to resolve, the effectiveness of drusen
reduction paralleled treatment intensity, which, in turn, paralleled an increased inci-
dence of subsequent CNV, increasing the risk of visual loss despite drusen reduction
[11-13]. A metanalysis of laser for drusen studies suggested that photocoagulation
for drusen also promoted and accelerated age-related geographic atrophy (GA) [13].
The lack of treatment benefits from low-intensity MPC for drusen, and adverse effects
of higher intensity treatment, led to eventual abandonment of “laser for drusen” effort
[9-18].
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Fig. 4.1 A Red-free fundus photograph of eye with intermediate AMD. B Red free fundus photo-
graph of same eye 3 months following krypton laser grid laser. Note resolution of drusen. C Intra-
venous fundus fluorescein angiogram (FFA) of same eye 3 months following laser treatment showing
drusen resolution and ring of laser burns around the macula

MPC for Neovascular AMD

Extrafoveal CNV

PC ablation of CN'V did offer benefits, however, but only in a minority of highly select
eyes and usually only for a time. Few, only about 5%, eyes with CNV were eligible
for treatment of extrafoveal CNV in the MPSG, as most eyes NAMD presented with
subfoveal CNV [1]. Further, in the small number of eyes with extrafoveal NAMD
presenting as candidates for MPC, most (54% at 5 years) developed subfoveal recur-
rence and further visual loss [1-6]. Thus, for MPC of even extrafoveal CNV, VA
was measured in lines lost, rather than vision gained. Overall, at 5 years post MPC,
eyes treated for extrafoveal neovascular AMD (NAMD) in the Macular Photocoag-
ulation Study Group (MPSG) lost an average of 5.2 lines of VA, compared to 7.1
lines for untreated eyes [1-6]. Patients with systemic hypertension did not benefit
from MPC, due to the high rate of subfoveal recurrence [2]. Despite such limitations,
PC ablation of age-related CNV may still be a reasonable treatment option in select
eyes with relatively small and well-defined CNV distant from the fovea, especially
if unresponsive to other therapy.

Subfoveal CNV

Thus, subfoveal CNV remained the most important cause of vision loss in AMD.
Absent other treatments, this led to investigation of transfoveal MPC for subfoveal
CNV [5]. In such eyes, it was hypothesized that immediate visual loss due to PC
ablation might be less adverse, in the long-term, than subsequent visual loss due to
continued growth and exudation from the subfoveal CNV. This was subsequently
confirmed in a randomized clinical trial (RCT) [4, 5]. In this study, no significant
differences were found between the outcomes of suprathreshold argon and diode
(810 nm CW) laser [1, 2, 4, 5]. The benefits of transfoveal MPC were, as one would
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expect, dictated by the size of the lesion, degree of subfoveal involvement, and
presenting visual acuity. The larger the lesion, more centered on the fovea, and better
the initial visual acuity, the less benefit from foveal PC and the greater the likelihood
of immediate treatment associated visual loss [4, 5]. At 4 years follow up following
transfoveal MPC for subfoveal CNV, 47% of untreated and 22% of treated eyes
suffered profound visual loss of 6 or more lines of VA [5]. Despite these statistical
benefits, the immediate treatment-associated visual loss caused by foveal PC in most
eyes made treatment unpopular with doctors and patients alike.

The limitations of MPC for AMD were largely due to three main factors. First, the
difficulty of fully defining, based on the only available diagnostic technologies avail-
able at the time—clinical examination and intravenous fundus fluorescein angiog-
raphy (FFA)—the presence, exact location, and full extent thus the boundaries of
the CNV. This frequently led to incomplete treatment. Incomplete treatment did not
stop, but tended to accelerate growth and progression of the CNV, due to treatment
associated inflammation and tissue damage [1-5]. Second, even in the absence of
direct fovea injury or membrane recurrence, was the tendency to develop pigmentary
atrophy and visual loss following PC-induced resolution of large or confluent SD
and/or PEDs, or MPC lesions near the fovea. Once developed, such post-PC pigment
atrophy tended to become geographic and progress, causing further visual loss [6,
13, 14, 15]. Third, was the facility of PC (often used to create experimental models
of neovascular AMD), to incite development of new CNV by destroying the retinal
pigment epithelium (RPE) and damaging Bruch’s membrane, and thus compromising
the blood retinal barrier and other native inhibitions to macular neovascularization
[16, 17]. Inflammation from photocoagulative necrosis of the overlying neurosensory
retina in suprathreshold PC added neoangiogenic stimuli. As noted above, incom-
plete treatment of CNV tended to accelerate growth of residual membranes, and
subthreshold treatment of the macula in eyes with PED (often harboring occult CNV)
or SD, already compromised by AMD, often lead to development of de-novo CNV,
and further visual loss [2—6, 13—18]. The advent of improved macular imaging, such
as optical coherence tomography (OCT), indocyanine green angiography (ICG), and
OCT angiography (OCTA), have improved our ability to identify and better define
the full extent of macular neovascularization [19-21]. While better identification of
the entire area of CNV raised the possibility of improved outcomes of ablative PC in
NAMD by increasing the likelihood of complete treatment of the CNV, the adverse
effects of ablative MPC and the tendency for CNV recurrence continued to limit
the usefulness of PC, led to the general abandonment of ablative MPC for macular
neovascularization in favor of retina-sparing treatment with anti-vascular endothelial
growth factors (VEGF) [22].

Our definition of “safe and effective” and “success vs. failure” when it comes to
treatments is ever evolving. Early in the application of most new treatments there is
a generally high tolerance for risk and adverse treatment effects due to the absence
of other treatments and the consequences of disease progression absent intervention.
Thus, it is important to remember that, in the absence of alternatives at the time, the
results of MPC could only be compared with no treatment at all. Thus, the bar for
success was low, and tolerance for the inherent risks and adverse effects was high.
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Prior to the advent of drug therapy for NAMD, the limited benefits of MPC in
NAMD, and failure of laser for drusen to prevent NAMD, led to investigation of
alternative approaches to macular laser treatment, hoping to improve safety, efficacy,
and utility, by reducing treatment associated macular damage. These were transpupil-
lary thermotherapy (TTT), photodynamic therapy (PDT) and feeder vessel treatment
(FVT).

Transpupillary Thermotherapy (TTT)

Rather than short-duration high-intensity full-thickness suprathreshold retinal photo-
coagulation, TTT employed an 810 nm continuous wave (CW) diode laser single
large spot covering the macula, up to 3 mm in diameter, applied slowly, using a long
treatment exposure of 60 s. The goal of TTT was to achieve heating of the CNV
by approximately 10 °C, sufficient to induce involution and reduce exudation, while
avoiding photocoagulation of the RPE and neurosensory retina. Initial reports of TTT
for subfoveal NAMD were encouraging, and the technique was, in the absence of
other effective therapies, rapidly adopted [23-26]. Improvements and vision reten-
tion benefits following TTT were generally modest if present, comparable in some
studies to photodynamic therapy (PDT) but TTT was simpler and less invasive [24,
25]. According to the American National Standards Institute (ANSI), the 50/50 retinal
burn risk from CW laser arrives at 10 x the Maximum Permissible Exposure (MPE)
(defined as just below the threshold for any biologic effect) [27]. TTT operated as 9X
the MPE [23, 24, 27]. Thus, TTT resulted in frequent and unexpected, but sometimes
catastrophic macular burns, leading to significant visual loss in many treated patients
[28, 29]. This was because the narrow therapeutic range of CW TTT (the interval
between the MPE to a 50/50 risk of retinal damage) precluded predictable safety,
close to the burn threshold with variable uptake influenced by factors such as media
opacity, fundus pigmentation, and retinal thickness that exceed the limits of the ther-
apeutic range. At the same time, the large spot size made visual loss from inadvertent
macular burns often severe. Thus, TTT for NAMD fell out of favor relative to PDT,
which, while also modestly effective, was safer and more predictable [26].

Photodynamic Therapy (PDT)

In PDT, long application of CW laser in a large spot is also employed. In PDT,
however, the therapeutic effect is not achieved by any direct thermal effect of the very
low power (and thus otherwise ineffective) laser, but indirectly through a wavelength
dependent activation of a photosensitive drug (thus “photodynamic therapy”) circu-
lating through the macula following brachial intravenous infusion. Various sensi-
tizing drugs were examined, with verteporfin eventually being favored in large part
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due to faster systemic clearing, reducing the time patients needed to avoid direct sun
exposure to the skin to prevent injury from skin photosensitization [30, 31].

The result of PDT is marked angiographic hypofluorescence of the area exposed
to the activating laser, blocking visualization of the choroidal circulation on FFA,
but without evidence of significant inflammation or retinal or choroidal damage.
The reason(s) for this characteristic angiographic appearance remain unclear, as
actual non-perfusion of the macula would almost certainly be associated with visual
loss [31-34]. Despite the dramatic appearance of the PDT treated macula, acute
treatment associated visual loss was infrequent, occurring in about 4% of treated eyes.
Prolongation of the effect could be achieved with concomitant intravitreal steroid
administration, which may reduce the need for retreatments [33]. With repeated
treatment over a prolonged period, some eyes developed macular atrophy and further
visual loss [32-34].

Most of what is known about verteporfin PDT comes from 2 randomized clin-
ical trials (RCTs) funded by the drug maker (the Treatment of Age-related Macular
Degeneration with Photodynamic Therapy/TAP trial; and the Verteporfin in Photo-
dynamic Therapy / VIP trial) [34, 35]. In these trials, PDT was found to help stabilize
visual acuity by reducing or eliminating exudation from subfoveal NAMD, reducing
visual loss compared to untreated controls (relative risk 0.62). Visual improvements
were rare. Usually, this suppression of exudation was temporary, requiring retreat-
ment on average 5 times in the first two years [31, 34]. Treatment benefits were mainly
seen in eyes with well-defined CNV, and generally absent in eyes with predominantly
ill-defined or “occult” CNV. This may reflect the increased density of the photosen-
sitizing dye in the better perfused well-defined membranes [31, 34]. The invasive
nature of treatment, requiring a 10-min intravenous infusion of verteporfin, the drug
expense, modest visual results, the need to avoid sunlight after treatment due to
dermal photosensitization, and small but not inconsequential risk of acute visual
loss, have limited use of PDT since the introduction of anti-VEGF drugs. However,
PDT may still be of value in eyes with NAMD unresponsive to anti-VEGF therapy,
and eyes with posterior polypoidal choroidal vasculopathy, especially in combination
with anti-VEGF therapy [35-37]

Feeder Vessel Treatment

Histopathology of age-related CNV revealed that many had a tree-like structure,
with multiple branches arising and spreading out from a single trunk arising in the
choroid, a choroidal “feeder vessel” [38—41]. Occasionally, such structures can be
seen clinically by biomicroscopy, and by FFA. Because the shorter excitation wave-
length of FFA maximizes absorption and thus imaging of the neurosensory retina,
and leakage of fluorescein dye in the choroid tends to obscure individual, espe-
cially smaller, choroidal vessels, indocyanine green angiography (ICGA), imaged
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by infrared illumination that penetrates more deeply to the level of the choroid, can
improve visualization of the choroid and thus feeder vessels by remaining intravas-
cular. Video ICGA can further enhance identification of feeder vessels by capturing
the dynamic nature of blood flow, demonstrating filling of a CNV from a main
choroidal feeder vessel trunk—and occasionally, more than one [39—41].

The idea of trying to eliminate a CNV by closing the feeder vessel and cutting off
its circulation was thus appealing. Attempts in this regard based on clinical exam-
ination and FFA were challenging, in part due to the difficultly of identifying and
defining the feeder. In early studies, however, 68% of eyes treated by focal PC of
the suspected feeder vessel were stable or improved in short-term follow up [38].
However, even suprathreshold PC was frequently ineffective in closing the feeder,
which often remained patent or re-perfused shortly after treatment. A relatively high
rate of blood flow through such vessels may act as heat sink by caring heat away from
the laser application site, reducing heat accumulation enough to prevent photocoag-
ulative vessel closure [38—41]. This required use of more intense suprathreshold PC
and/or repeated treatments to try to achieve final feeder vessel closure. Such intense
PC lesions near the fovea are undesirable due to the induced scotomata, the risk of
rupture of Bruch’s membrane, and the laser burn serving as a nidus for new choroidal
neovascularization.

Because the green color of ICG absorbs laser wavelengths in the red and near
infrared spectrum, which are also less damaging to the neurosensory retina, the
feeder vessel treatment strategy shifted to use of an 810 nm CW laser. Videographic
monitoring of choroidal vessel filling during infusion of ICG was used to better
visualize and more accurately target the feeder vessel, while the same ICG increased
intravascular absorption of the diode laser to improve the prospects for feeder vessel
closure while also reducing damage to the neurosensory retina [39—41]. Despite
such technical improvements, there was little improvement in the long-term results
of treatment.

The limited benefits from MPC, TTT, PDT and feeder vessel treatment for treat-
ment of both dry and wet AMD, the advent of effective drug therapy for NAMD in
the form of VEGF inhibitors, and the treatment limitations imposed by laser-induced
retinal damage (LIRD) from conventional CW PC, led to general abandonment of
PC for use in AMD. However, significant needs remain. Foremost among them is the
need for a treatment for dry AMD to more effectively prevent neovascular conver-
sion, the main cause of irreversible visual loss worldwide [42]. To date, other than
modestly effective antioxidant vitamins, there is no drug therapy that has been shown
to be effective in this regard [43]. This has led to exploration of new laser approaches
for AMD focused on treatment of dry AMD to reduce drusen, improve visual acuity,
slow progression of geographic atrophy, and prevent neovascular conversion.

As the most important cause of visual loss from AMD, prevention of neovascular
conversion is thus the highest priority in the clinical management of AMD. The
number, size and density of macular drusen, focal subretinal deposits of oxidative
waste material, are strongly associated with the presence and severity of AMD, and
likelihood of visual loss [1-6, 44]. Thus, getting rid of drusen has been an area
of intense interest, particularly because macular laser treatment is effective in this
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regard [8—15]. It must be remembered, however, that drusen are a manifestation
of the underlying age-related disease process and are not the disease process itself
[43, 44]. While the presence of drusen clearly indicates increased risks of vision
loss from neovascular conversion and/or geographic atrophy, drusen also reflect the
eye’s attempt to compensate for worsening macular function. While drusen are a
sign of this dysfunction, it is unclear whether drusen contribute to the risks of vision
loss independent from the generalized age-related macular dysfunction that leads
to drusen formation [45]. While drusen reduction was appealing, drusen reduction
by MPC was unhelpful due to the increased risk of CNV. Beyond this, it had not
established that drusen reduction alone, even uncomplicated, could materially alter
the course of age-related macular disease. Thus new retinal laser approaches were
developed and investigated in an attempt to separate drusen reduction from causation
of CNV.

A Newer Approach to Drusen Reduction: Short-Pulse Lasers

Conventional PC employs a high-powered, generally visible wavelength CW laser
at exposure durations of a relatively long duration, on the order of 50-500 ms. Laser
wavelengths in the visible range and longer are primarily absorbed by melanin in the
RPE and choroid. In general, the shorter the wavelength, the greater the absorption
by melanin. However, wavelengths shorter than 550um have neurosensory retinal
absorption that can range from ionizing and phototoxic to photocoagulative, with
sufficient power and duration of the laser exposure [46, 47]. When there is sufficient
heat spread from the RPE and choroid, coagulation of the overlying neurosensory
retina occurs, causing light scattering and opacity of the otherwise optically clear
tissue. Photocoagulated tissue is killed, retinal architecture destroyed, and function
lost. If only the outer retina is affected, opacification of neurosensory retina may be
difficult to see on biomicroscopy, particularly at the time of treatment or shortly there-
after. However, FFA will show breakdown of the blood retinal barrier with leakage
at the laser spots. Post PC retinal opacification tends to become more apparent hours
and days after treatment, during which time abnormalities of fundus autofluores-
cence appear due to damage to the RPE. Weeks later, frank pigment clumping and
chorioretinal atrophy develop at the site of the PC. Such were the events associated
with classic “subthreshold” PC [47]. The more intense the PC, the more obvious and
immediately apparent these effects, and the greater the extend of the retinal opacifi-
cation and photocoagulation above the RPE at the laser spot, until, with traditional
suprathreshold PC, full thickness photocoagulation occurs leading to white blanching
of the treated retina. After even subthreshold PC, focal chorioretinal atrophy at the
site of the laser spots develops and, like GA, tends to progress and expand, enlarging
over time. If close to the fovea, this progressive expansion of atrophy from prior
laser spots can lead to late vision loss from foveal atrophy, or the development of
choroidal neovascularization [14, 48].



4 Retinal Laser Treatment for Age-Related Macular Degeneration (AMD) 45

The TR of CW PCis narrow, about 10X MPE [27]. Suprathreshold MPC, generally
done at 70-100X MPE, reliably produces full-thickness retinal photocoagulation in
virtually all eyes, as it far exceeds the retinal damage threshold. As higher intensity
MPC in eyes with drusen was associated with an increased the risk of CNV and
visual loss, performing effective treatment while avoiding excessive laser damage
appeared desirable [13]. However, as noted above, the narrow TR makes the response
to CW MPC highly variable as it can be easily influenced by many patient-specific
factors such as fundus pigmentation, retinal thickness, and media opacity [47]. If
one hoped to limit the damage caused by MPC, titration of the laser exposure in
the treated eye to adjust the treatment intensity to the desired level for treatment
would be necessary, both to avoid ineffectual treatment below the TR; and to avoid
excessive retinal damage and treatment complications above the TR. However, the
narrowness of the MPC TR renders titration an unreliable guide [47, 49, 50]. These
characteristics of MPC precluded the ability to achieve both predictably safe and
effective treatment for drusen, assuming that drusen reduction would indeed pay
dividends. A new approach was needed. Thus, in the 1980s work began on new laser
modalities designed to better confine retinal laser damage hoping to preserve the
drusen-reducing effects of MPC while increasing treatment safety.

Pattern Scanning Laser (PASCAL)

The concept behind the PASCAL was that photoreceptor metabolic demand was the
major driver of diabetic retinopathy development and progression. (Daniel Palanker,
PhD, personal communication, 2004) To address this hypothesis, a short-pulsed
(~20 ws) 532 CW laser was chosen to selectively destroy the photoreceptors in the
outer retina, while attempting to reduce damage to the adjacent RPE and balance
of the neurosensory retina [51]. One human pathologic study confirmed PASCAL
destruction of the outer retina and photoreceptors, but also the RPE, leading to
formation of hyperplastic chorioretinal scars at the treatment sites [52]. Little has yet
been reported regarding PASCAL treatment of AMD. In one study, PASCAL was
used to treat the margins of areas of drusenoid PEDs. To prevent CNV, all PASCAL
treated eyes in this study received regular anti-VEGF injections as well. At the end
of 12 months, lasered eyes show a reduction in drusen area and PED height, with
an average of 4.6 letters of VA improvement, compared to 1.1 letter for untreated
controls. One PASCAL treated eye developed an RPE rip and CNV [53]. In another
study, the PASCAL was used to treat reticular pseudo drusen (RPD) in eyes with dry
AMD. At 3 months, the proportion of early type 1 increased following treatment,
with a decrease in the proportion of more advanced type 3 RPD. Outer nuclear layer
thickness was improved, and visual acuity and microperimetry unchanged [53].
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Selective Retinal Laser Therapy (SRT)

Selective retinal (laser) therapy, or SRT, shortens the pulse duration further in an
attempt to further restrict LIRD to the RPE. Using Q-switched Nd: YLF, wavelength
527 nm, and pulse duration 1.7 ps, the short exposure precludes significant heat
dissipation from the absorbing RPE melanosomes. With sufficient energy, this causes
precipitous gas bubble formation at the melanosome, resulting in intracellular cavi-
tation and cell death, with potential preservation of the cell wall with limitation of
transmural extension of the laser damage beyond the RPE. SRT is thus photodis-
ruptive to the RPE [54]. Formation and rupture of these intracellular gas bubbles
can be “heard” by real-time optoacoustic monitoring via a corneal contact lens. By
using a pulse-energy “ramping” algorithm and optoacoustic monitoring, treatment
can be titrated to maximize RPE destruction while minimizing damage to adjacent
structures, by listening for bubble formation threshold within the RPE [55].

Application of SRT to AMD is thus far limited. SRT remains focused on altering
macular morphology in AMD by causing sufficient retinal damage to incite an
inflammatory response from selective destruction of the RPE sufficient to elimi-
nate drusen, but sparing Bruch’s membrane and the outer neurosensory retinal in
hopes of minimizing secondary CNV. There are three studies of note. In a murine
model of AMD, SRT was able to limit damage to the RPE and reduce drusen-like
lesions without notable collateral damage [56]. In a 12-month study of patients with
intermediate AMD, SRT appeared to slow the increase in drusen volume. Visual
acuity was unchanged, but mean retinal sensitivity in treated eyes was improved
compared to fellow eye controls. No adverse treatment effects were reported [57]. In
another study, 6 eyes of 6 patients were treated with SRT to the margins of areas of
GA, with the fellow eyes serving as controls. In this study, SRT caused significant
acceleration of GA progression compared to untreated controls, causing the study to
be stopped prior to planned completion [58].

Nanosecond Laser (‘2RT”)

In nanosecond laser (“2RT”) laser pulse durations were shortened even further with
the continuing goal of destroying the RPE while even more effectively avoiding
damage to collateral structures. In 2RT spots are applied around the macula with
energies titrated to 0.15-0.45 mlJ. using 400 pwm diameter spot, 3 ns pulse dura-
tion, 532 nm wavelength using a frequency-doubled YAG laser [59]. The ultrashort
exposure of 2RT results in explosion/vaporization of the RPE so quickly that the
controlled gas bubble formation and intracellular cavitation produced by SRT do not
have time to develop. Thus, the thermal effects of 2RT are insignificant as the RPE
is vaporized before heat accumulation and spread can occur. One may think of 2RT
as a “cookie cutter”, removing the RPE at the point of exposure by photodisruption
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[47]. Despite the intent and effect of 2RT is RPE destruction, treatment is described
by the investigators as “non-damaging” and “rejuventating” [45, 48, 49].

2RT was initially explored clinically for treatment of diabetic macular edema. In
a 2013 report, although retinal damage was noted in 2/17 eyes, the authors reported
that this damage resolved completely with observation. The authors claimed the first
retina-sparing laser treatment for diabetic retinopathy, despite the fact that numerous
studies of MPL sublethal the RPE had by this time been published as early as 2005
using micropulsed lasers [60—65].

The primary source of information regarding application of 2RT to AMD is found
in the “Laser Intervention in Early Stages of Age-Related Macular Degeneration” or
“LEAD” trial reports [66]. The LEAD trial represents a re-visitation of the “laser for
drusen” project, hoping to improve results through sufficient, but reduced and more
predictable LIRD. In a prior exploratory study of 50 patients and mice, 2RT was
noted to reduce drusen “without damage to retinal structure”, despite focal ablations
of the RPE and treatment-associated inflammatory response [67].

At 36 months, the LEAD trial found no benefit from 2RT in the 292 treated eyes,
compared to sham treated controls. However, eyes with more advanced and high-
risk dry AMD, particularly those with RPD, suffered from treatment with higher
rates of new GA, acceleration of existing GA progression, and a higher rate of
visual loss compared to untreated controls [68]. In a two-year extension of the trial
(60 months post initial 2RT treatment), there continued to be no overall benefit of
2RT in intermediate AMD, other than significant worsening of treated eyes with RPD
[69]. In eyes without RPD, drusen progression was slowed without incident CNV,
and on this basis further study of 2RT was recommended as a promising preventive
treatment for dry AMD. The results of the LEAD trial prompted an editorial in a
major ophthalmic journal recommending against subthreshold laser treatment for
dry AMD, suggesting all types of subthreshold laser treatment, and therefore the
expected results, were the same [70].

No clinical fundus photographs or other images of treated LEAD trial patients have
been provided in the LEAD trial publications. This is a perplexing omission from a
study with morphologic endpoints, and the claim of non-damaging treatment. Despite
the report of no retina damage, some treated eyes were reported to develop “retinal”
hemorrhages at treatment, suggesting possible choroidal rupture [69]. It is notable
that most images of treated study eyes shown at conferences reporting the LEAD trial
results did exhibit focal laser scars. The study investigators indicated that such lesions
were the norm in the study. These 2RT laser lesions did not appear substantially
different from photocoagulation lesions. (LEAD study panel presentation, Guymer
R, Marshall J, et al., Euretina, Barcelona 2017).

Acceleration of GA and worsening of more advanced forms of dry AMD in the
LEAD trial is consistent with the prior MPC “laser for drusen” studies, and SRT for
GA. It has been suggested that such eyes, particularly those with GA and/or RPD,
are already in a tenuous state, severely taxed by the effort to maintain structure and
function against progressive age-related macular dysfunction, and that the added
trauma and inflammation from LIRD may cause these eyes to decompensate and
progress more rapidly [44]. It is noteworthy that highly selective ablation of the RPE



48 J. K. Luttrull

by SRT and 2RT with substantial preservation of the integrity of Bruch’s membrane
does appear to reduce the risk of new CNV compared to MPC [11, 58, 67, 69].

Micropulse Laser (MPL)

The micropulse laser (MPL) was developed in 1990 by Pankratov and first reported
for use in the retina by Friberg and Venkatesh in 1995 [71, 72]. MPL may employ
various wavelengths from 532 to 810 nm applied at pulse frequencies, or “duty
cycles”, from 1 to 100%. Within the train of MPL laser pulses, the pulse length
of each laser burst in MPL is 40-100us duration each. At this pulse duration, the
individual pulses in a MPL pulse train are of sufficiently short to preferentially
heat the RPE compared to the choroid, altering the distribution of the heating of
the RPE/choroid from 20/80% in CW, to 80/20% for MPL. However, MPL pulse
durations are long enough to allow intracellular heating of the RPE cavitation or
photodisruption, but still short enough to prevent significant extracellular transmural
heat spread. Like 2RT and SRT, MPL is preferentially selective for the RPE [45].
Unlike SRT and 2RT, MPL can be applied in such a way as to cause therapeutic
sublethal thermal photostimulation of the RPE, persevering and improving retinal
function where it is applied, while avoiding LIRD and thus adverse treatment effects
[46-49, 73]. Successful avoidance of RPE damage allows for repeated treatment ad
lib, and has permitted new applications prohibited to destructive CPC, SRT and 2RT
laser modalities [48—50]. For 810 nm, studies have shown that at DCs >10%, MPL
behaves clinically like CW, due to rapid narrowing of the inter-pulse cooling interval
leading to rapid intracellular heat accumulation between laser pulses. This effect is
exponentially increased with higher DCs, and shorter, higher energy wavelengths
[65, 73]. Thus, akin to CPC but unlike 2RT and SRT, MPL can produce, and has
been used clinically for, a wide spectrum of retinal laser effects from sublethal photo-
stimulation of the RPE, to full-thickness suprathreshold photocoagulation [46—49,
62-66] Thus, MPL is a technical description of the laser functionality and not a
particular type or approach to treatment; MPL is a laser mode. Like a scalpel, MPL
is a tool, not a procedure. Failure to appreciate this distinction is a common source
of misunderstanding [69]. For this reason, to say one performed “MPL” is, in fact,
to say nothing.

The first MPL units employed the near-infrared 810 nm wavelength. As LIRD was
considered necessary for a therapeutic effect, DCs of 15% or more were employed to
promote visible “subthreshold” retinal burns, as producing retinal burns with 810 nm
MPL below a 15% DC is difficult [46-49, 64].

The first report of MPL for AMD is a case report from 2009 from Battaglia-
Parodi and associates of a 60 year old woman with an age-related serous PED, which
resolved following MPL [74].

In 2015, use of SDM in eyes tolerant and unresponsive to all available anti-VEGF
medications was reported [74]. This application was prompted by a new theory of
retinal laser action as triggering a retinal physiologic “reset” phenomenon. Based
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on the “reset” theory, panmacular SDM in eyes tolerant to anti-VEGF drugs should
“reset” them to the state prior to the development of tolerance, restoring responsive-
ness to anti- VEGF medication. This application of reset theory was particularly novel
in that reversal of drug tolerance had never previously been observed in medicine
[74]. Rechallenged with the last-failed anti-VEGF drug, aflibercept, one month after
SDM treatment, 12/13 eyes demonstrated reversal of drug tolerance with resolution
of subretinal fluid.

In 2016, 158 eyes of 108 consecutive patients with dry AMD were reported,
tested by various methods after panmacular subthreshold diode micropulse (SDM)
treatment [75]. SDM is a specific application of MPL that uses a uniform treatment
approach in all eyes, consisting of identical laser parameters, treatment area (panmac-
ular), and number of laser spot applications in every eye. Laser parameters employed
preclude the possibility of LIRD without the need for individual patient adjustment.
Thus, there are no reports of adverse treatment effects or LIRD by any means of
detection following SDM in any application [45—-49]. There was no notable effect
of treatment on macular morphology or drusen in any study eye. Following SDM
MPL, retinal function measured by pattern electroretinography (PERG) was signifi-
cantly improved (p = 0.0001); and visual function was improved by microperimetry
(P = 0.0439) and contrast acuity (p = 0.006). These findings of retinal and visual
functional improvements in AMD and IRDs following SDM MPL, sublethal to the
retina, suggested such testing results might serve as useful surrogate indicators of
long-term slowing disease progression and reduced risks of vision loss.

In 2018, the effect of SDM MPL on the incidence of neovascular conversion in
eyes with dry AMD was reported [76]. This retrospective study included all eyes
with dry AMD in a vitreoretinal practice in which regular periodic panmacular SDM
was offered, in addition to conventional care, in hopes of slowing disease progression
and reduce vision loss through improving retinal function [75]. This study included
547 eyes of 363 patients treated between 2008 and 2017. Risk factors in this patient
cohort were especially high, with an average age of 84 years, RPD in 39% of eyes,
fellow eye CNV in 23%, and AREDS category 3 and 4 AMD in 78%. Despite these
high risks, with follow up ranging from 6—108 months (avg. 22) new CNV developed
in 9/547 eyes (1.6%, annualized rate 0.87%), with an age-adjusted reduction in the
expected annual incidence of new CNV of 95-98%, compared to 4% for standard care
alone. Patients suffering neovascular conversion averaged 82 years, with an average
AREDS category in the treated eye of 3.2 and fellow eye of 3.7. 5/9 converting eyes
had NAMD in the fellow eye. 8/9 converting eyes had RPD in both eyes. Neither
smoking nor systemic hypertension were risk factors for conversion, likely due to the
small number of conversions observed. Over the study period there was no notable
effect of treatment on macular drusen [76].

The effect of SDM on progression of GA was then studied, examining only the
eyes with GA in this same cohort of eyes with AMD treated by regular periodic SDM
[77]. 67 eyes of 49 patients with GA were identified for study, documented an average
2.5 years prior to beginning SDM treatment, and an average 2.2 years after beginning
SDM, performed on average every 3—4 months over that period of time. The average
age of this group was 86 years old. 78% of eyes had coincident RPD. Thus, these
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were particularly high-risk eyes, the same type that worsened following SRT and 2RT
nanosecond laser treatment [58, 68, 69]. Reported in 2020, the rate of radial linear GA
progression after regular periodic panmacular SDM MPL slowed from an average
annual rate of 137 to 73 um per year, a 47% per year decline. There was no LIRD
or adverse treatment effects. GA lesions with a diameter of <1000 um at the time of
first treatment slowed nearly twice the average rate, although this difference was not
statistically significant due to the small number of eyes. However, this observation
suggests that, as one might expect, with GA like most other things, less advanced
disease may respond better to treatment than more advanced disease [77].

Retrospective studies of the results of a novel procedure in a single practice,
especially one that reports remarkable results, should be taken with caution [76, 77].
The potential for various biases is high. Mitigating factors were the all-comers nature
of the study cohort, excellent long-term follow up, uniform nature of the treatment,
and robust results. To challenge the results of the first study showing an age-adjusted
reduction in the expected incidence of new CNV in AMD by 95-98% per year in a
very high-risk population, two additional studies were performed.

In the first, the effect of regular periodic panmacular SDM (now termed “vision
protection therapy”, or VPT) on neovascular conversion in dry AMD was examined
using real world data (RWD) [78]. Vestrum Health, Inc (Naperville, I11, USA) (VH)
aggregates patient unidentified data from over 300 retina practices in the United
States. Member practices are provided monthly benchmarking reports and given
access to the database for analyses. All eyes in the VH database with ICD 9 and
10 codes for dry AMD between January 2016 and September 2021 were examined.
Inclusions included, in addition to dry AMD, age of 50 years or more. The comparator
was whether they were treated with standard care alone (SCA) (AREDS vitamins,
hypertension control, smoking cessation and healthy lifestyle and nutritional advice)
vs the addition of VPT to standard care. Exclusions were various diagnoses that may
require intravitreal injection such as diabetes mellitus and retinal vascular occlusion,
and diagnoses that predispose to CNV, such as prior macular photocoagulation, high
or degenerative myopia and ocular histoplasmosis. Because data included ICD 9
coding which did not stratify AMD beyond wet or dry, dry AMD subtyping could
not be performed. Patients were then matched by propensity scoring for identifiable
risk factors, including age, sex, systemic hypertension, smoking and use of AREDS
vitamins. Patients were also matched for number of clinical encounters, as a clinical
encounter was required for diagnosis and recognition of conversion, and thus repre-
sented an independent risk factor. Confirmation of neovascular conversion required
both a new ICD 9 or 10 diagnosis of neovascular AMD and initiation of anti-VEGF
therapy. Using the Match-it program, the study groups were matched in a 1/10 ratio
for statistical analysis with 830 eyes in the VPT group, and 8,300 in the SCA group
for a total study group of 9,130 eyes [78].

Over the 4.75 year study window, eyes receiving VPT in addition to standard care
were significantly less likely to suffer neovascular conversion than eyes managed by
SCA (Hazard ratio 13.04). The advantage of VPT over standard care maintain for
every propensity score risk stratum quintile, with the advantage of VPT over standard
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care greatest in the highest risk quintile. Over the same period, the average VA of
VPT eyes improved, while the VA of SCA eyes progressively worsened.

The effect of VPT on management of eyes already being treated with anti-VEGF
injections for neovascular AMD was also examined. Compared to eyes managed
with injections alone, eyes that received VPT in addition to anti-VEGF injections
required 69% fewer injections to achieve the same visual results.

Because this first RWD study included ICD9 data that precluded matching for
dry AMD severity subtypes, a second RWD study was performed using VH data
to include only eyes with ICD 10 dry AMD coding. This study did not include
early, low-risk AMD eyes, but only intermediate to advanced dry AMD subtypes at
high risk for neovascular conversion. Currently in manuscript, this study, otherwise
employing the same inclusions and exclusion of the first RWD study, found, once
again, that VPT markedly reduced the risk of neovascular conversion compared to
standard care alone (JKL, unpublished data, May 2022).

An additional interesting observation that has not yet been studied, is the frequent
observation of nerve fiber layer thickening, and retinal thinning, by OCT during
the course of VPT. This retinal thinning is not due to thinning of the neurosen-
sory retina. Instead, it is due to gradual debris removal and thinning of the Bruch’s
membrane/RPE complex toward a more normal, healthy appearing anatomy. The
reason for NFL thickening is unclear, but may reflect the neuroprotective effects of
SDM MPL (Fig. 4.2).

Synthesis

Conventional suprathreshold retinal photocoagulation for AMD rose in a time absent
any other treatment options. Because the natural history of AMD, and particularly
those eyes with advanced complications of AMD such as CNV, PED, and geographic
atrophy, is one of fairly rapid progression and profound visual loss, any treatment
offering any possible benefit to even a small proportion of affected eyes was important
and valuable, even if the overall impact of such treatment on the general AMD popu-
lation was minimal. The literature on MPC for AMD is vast, including many large
RCTs and population-based natural history studies. This reflects a natural advantage
of older well-established treatments over newer, even far superior treatments. The
weight of evidence, at least in the beginning, always favors the status quo. This is
certainly the case if one restricts one’s interest to macular laser treatment for AMD,
as the studies of the newer approaches to laser treatment of AMD are few, small, and
largely retrospective. This is not true when the weight of MPC literature in AMD
is considered in comparison to anti-VEGF drug therapy for neovascular AMD. The
only application of MPC in AMD that yielded significant benefit was ablative treat-
ment for extrafoveal CN'V. However, the very few patients who enjoyed any lasting
benefit from this treatment caused MPC to be largely abandoned promptly in favor
of drug therapy. Such a sea-change in medicine is uncommon, as progress is typi-
cally incremental. The move away from MPC for AMD was due not just due to the
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Fig. 4.2 Overall Kaplan-Meier cumulative wet AMD conversion probability by group. Shaded
areas indicate 95% confidence intervals. Note the that VPT reduced the risk of neovascular conver-
sion over standard care by a hazard ratio of 13.04. VPT = Vision Protection TherapyTM. SCA =
standard care alone. AMD = age-related macular degeneration. Cum = cummulative [78]

excellent results from drug therapy, but also due to the very poor results associated
with MPC. The limitations of MPC were principally due to the destructive nature of
suprathreshold photocoagulation. This markedly restricted the location and area of
macula that could be safely treated, and ability to retreat without treatment-associated
visual loss. Inherent with MPC was loss of visual function in the areas of the macula
treated, and aggravation of the disease process due to treatment-associated inflam-
mation which at least temporarily pro-angiogenic, and compromises the key physical
barrier to subretinal neovascularization, the Bruch’s membrane/RPE complex. Only
the physically destructive attributes of MPC as cautery were applied to the treatment
of AMD. Thus, inherent adverse effects of PC—all the result of LIRD—featured
prominently. During the years of MPC for AMD, the therapeutic mechanism of action
of retinal laser treatment, apart from cautery, was unknown [1-16, 45, 46, 48].

The short-pulse laser strategies were developed toward the latter part of the MPC
era, prior to the advent of anti-VEGF drugs, but by the time that the limitations of
conventional MPC had become very apparent. The idea that LIRD was both a neces-
sary and sufficient cause of all therapeutic laser effects was still universal, and thus
LIRD remained a prerequisite of treatment. However, by more selectively destroying
the RPE and minimizing damage to Bruch’s membrane and the neurosensory retina it
was hoped that the benefits of MPC—drusen reduction—could be maintained while
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reducing adverse effects, particularly incitement of CNV. Because elimination of
drusen was proportional to treatment intensity, the degree of tissue destruction and
inflammation caused by treatment, the short-pulse strategies were somewhat less
effective at drusen reduction than MPC. However, it does appear that reducing inflam-
mation and damage to Bruch’s membrane and the choriocapillaris did indeed reduce
the risk of treatment associated new CNYV, as this has not been a significant finding
in the few short-pulse laser for drusen studies done thus far [11, 57, 58, 67, 68].

The propensity of short-pulse laser treatments, both SRT and 2RT, to worsen
eyes with more advanced dry AMD, specifically those with GA and /or RPD, is
particularly interesting. Why might this be?

Because short-pulse laser obliterates the RPE with minimal lateral or basal/apical
heat spread, tissue damage and inflammation are reduced compared to MPC. As we
will discuss in the section of the mechanism of retinal laser, the critical initiating
trigger of therapeutic laser effects (for other than cautery) is thermal but sublethal
activation of RPE heat shock proteins (HSPs) and associated enhancement of HSP
protein repair kinetics [64, 72]. Because short-pulse lasers vaporize the RPE before
RPE HSPs can be activated, the therapeutic effects of short-pulse lasers are indirect,
rather than direct [48]. For short-pulse lasers, the spots denuded of RPE heal by
sliding of adjacent RPE and outer retinal cells in to fill the gap and restore the blood
retinal barrier [48, 51, 52]. This has a number of implications. First, the tissue healing
response is a stress that always involves if not depends on HSP activation and the
cascades of subsequent reactions it recruits [45]. Thus, HSP activation is a feature
of both sublethal and photodisruptive/photoablative treatments [48]. The salvific
(existential, as opposed to surveillance homeostatic) response of HSPs is a stress
response to a threat to the cell. It is thus reparative and restorative. In eyes treated by
short-pulse lasers, the cells that are threatened and stressed are those at the immediate
margins of the denuded laser spot, tasked with the job of repairing the RPE defect.
Because this margin is thin, the degree of therapeutic HSP activation is relatively
limited [47]. Secondly, eyes with advanced dry AMD with GA and RPD are in a
tenuous state, likely maximizing their already highly compromised ability to maintain
function and compensate for the advance age-related dysfunction they manifest [44,
45]. Selective destruction of the RPE in such eyes may simply push them over edge
to decompensation, further compromising their already marginal function leading to
even more rapid deterioration, as seen with both SRT and 2RT lasers (information
regarding the PASCAL is insufficient in this regard) [57, 58, 67, 68]. Third, while
replication and replacement of injured RPE has been noted in animals, it has not
been in humans [60]. Thus, the sliding and expansion of surviving RPE cells, rather
than regeneration, fills the laser-created gaps reduces macular RPE density. What
impact this may have is unclear, but it would be neutral at best if limited in area,
and most likely detrimental to function, especially if wider areas are subjected to
treatment, and even more so if repetitive. As there is no evidence of RPE replication
in humans, the RPE may be analogous to the corneal endothelium—a critical finite
resource [48]. If so, this recommends against deliberate RPE destruction. Fourth,
and finally, the RPE has tensile properties. This is seen clinically in cases of RPE
rips. When the RPE tears, it generally contracts, and often scrolls as if under tension.
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In this respect, it may be thought of as a drumhead. Drumheads vibrate when struck.
Photodisruption, such as use of the YAG laser for posterior capsulotomy, causes shock
waves due to cavitation. The same that occurs in short-pulse laser photodisruption of
the RPE. Analysis of the physics of this effect on the retina using the laser parameters
employed in the LEAD trial show that each nanosecond laser spot causes a shock
wave in the plane of the RPE extending more than 1 mm from the center of each
laser spot. In the LEAD trial, this means that if each eye was treated with 7-10 laser
spots just inside the major vascular arcades, 7-10 shock waves would have traversed
the macula at each treatment session. (DB Chang, PhD, unpublished data, 2020) The
effect of such multiple shock waves sent through the macula is unknown, but would
unlikely be good, or neutral. Further, they may explain the ability of short-pulse lasers
to reduce drusen at some distance to the laser spot, despite the limited laser-induced
retinal damage and inflammation. It is not hard to imagine that the added trauma of
shock waves across the macula might also further compromise already marginally
functional eyes, such as those with GA and RPD that are worsened by short pulse
laser treatment [23, 27, 48, 57, 58, 67, 68].

As noted above, MPL has a wide range of possible effects, from suprathreshold
PC to thermal photostimulation sublethal to the RPE. Except for a single case report
by Parodi, all studies of MPL for AMD thus far report use of the SDM (low-
intensity/high-density subthreshold microsecond pulse laser) use of MPL [73]. As
the extended name implies, SDM denotes a specific use of MPL that is reliably
sublethal to the RPE yet effective. SDM is applied in contiguous spots across the
entire macular area (including the fovea) to maximize the clinical effects (“panmac-
ular” treatment). The studies of SDM MPL for AMD are generally large and varied
but few in number compared to CPC, reporting treatment to reverse tolerance to
anti-VEGF drugs in wet AMD, to improve visual and retinal function in dry AMD,
to slow progression of GA in dry AMD, to reduce visual loss in AMD by preventing
neovascular conversion, and to reduce the need for anti-VEGF injections for eyes
with wet AMD [73-79]. None of these studies are RCTs, as is the LEAD trial of
nanosecond laser. All are various forms of retrospective studies. However, in each
case the results of SDM MPL for AMD show robustly positive effects without any
adverse effects. This is consistent with the literature of SDM and MPL for all indica-
tions. In contrast to MPC, SDM MPL does not reduce drusen in the short term, and
reduces rather than increases the risk of CN'V. Rather than worsening high-risk eyes
with RPD and GA like 2RT and SRT, SDM MPL improves these eyes by improving
retinal and visual function and significantly slowing, rather than accelerating, disease
progression [73—79]. This fundamental difference in the effects of SDM MPL and
MPC, SRT and 2RT for AMD is attributable to the fact that SDM MPL preserves and
normalizes retinal and RPE function, while the others destroy the RPE and worsen
retinal function and, to varying degrees, compromise retinal structural integrity as
well. Seen in that context, the results of each mode of retinal laser treatment are quite
predictable as reflecting the direct effect of treatment on the treated retina [45, 48].

AMD is the most common cause of irreversible visual loss worldwide, and by far
the most important cause in persons over 60 years of age. Although the incidence of
AMD is declining, likely a reflection of improvements in general health and nutrition
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with time, the prevalence of AMD is rapidly increasing as the global population
ages and longevity increases [42]. The main cause of visual loss in AMD is the
development of neovascular AMD. Therefore, despite the great benefits of anti-
VEGF drugs for treating wet AMD, preventing neovascular conversion in wet AMD
is the most important way to prevent age-related visual loss [42,43, 80, 81]. Currently,
retinal laser treatment appears to offer the best prospects for achieving this goal
safely and effectively. Studies have shown no significant difference between the
results of RCTs and large RWD studies with robust results, such as those looking at
VPT to prevent wet AMD [82]. However, prospective studies are needed to confirm
these results and encourage adoption. These are expensive. Industry, primarily the
pharmaceutical industry, currently sponsors over 95% of all RCTs in ophthalmology.
In the absence of governmental interest, the sources of funding for the RCTs needed
to confirm the benefits of laser for AMD are not immediately apparent.
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Chapter 5 ®)
Lasers in Diabetic Retinopathy oo

Maciej Gawecki®, Jeffrey K. Luttrull, and Andrzej Grzybowski

Abstract Diabetic retinopathy (DR) is one of the most prevalent ophthalmic compli-
cations in patients with diabetes and one of the leading causes of blindness in devel-
oped countries. Treatment of DR includes different strategies, starting from systemic
therapies, lifestyle issues, as well as local treatments, among them different forms
of laser photocoagulation. Management of DR has faced a significant change since
introduction of intravitreal drugs such as steroids and anti-VEGF agents and that
fact influenced the strategies of laser application in that disorder. A significant shift
is observed towards the non-damaging to retina forms of laser application, espe-
cially subthreshold micropulse or selective retinal therapy. These issues are thor-
oughly discussed in that chapter together with the outline of practical protocols
for different lasers used in DR. Historical milestone diabetic retinopathy studies on
retinal photocoagulation are placed in the modern perspective and availability of new
technologies.

Introduction

Diabetic retinopathy (DR) is one of the most prevalent ophthalmic complications in
patients with diabetes mellitus (DM). Nevertheless, data on incidence of retinopathy
in diabetic patients vary significantly among different populations. Large metanal-
ysis of data from 35 studies found the overall prevalence of any stage of retinopathy
(DR) in the diabetic population at 35.4% with the most advanced form of DR, prolif-
erative DR (PDR) in 7.5% [1]. Most of the studies report higher prevalence of DR in
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patients with type 1 of diabetes mellitus (DM1). This rule applies also to proliferative
retinopathy [2, 3].

Pathomechanism of Diabetic Retinopathy in the Context
of Laser—Tissue Interaction

High blood glucose levels trigger or interfere with various metabolic paths that
effects in damage to retinal vessel walls Fig. 5.1. The most important processes
involved in the development of diabetic retinopathy include initiating of the polyol
path (accumulation of sorbitol in the cells), protein kinase C activation, accumu-
lation of advanced glycation end products (AGE), oxidative stress and subclin-
ical inflammatory processes and alterations in the balance of enzymatic renin—
angiotensin—aldosterone complex, which maintains normal hemodynamics of the
body [4].

Damage to vessel endothelium that occurs in DR has three major consequences.
Firstly, it causes weakening of the vessel wall, with loss of pericytes and development
of microaneurysms, followed by increased permeability of the capillaries [5]. This
results in retinal edema, including diabetic macular edema (DME) [6]. Secondly, the
sites of damaged endothelium are the locations of increased aggregation of blood
morphotic elements and development of clots in retinal vessels. This process is aggra-
vated by anomalous erythrocytes that occur in DM, which are less pliable, promoting
small vessels closure. At the same time, DM increases the number of leucocytes, as
a result of local inflammation, which is an important accompanying process in DR,
lead to leukostasis [7]. This further increases blood viscosity and micro-thrombotic
complications. The third important consequence of impaired microcirculation is
retinal hypoxia and subsequent up-regulation of vasoproliferative factors, such as
vascular endothelial growth factor (VEGF) from the retina and down-regulation of
opposing cytokines such as pigment epithelial-derived factor (PEDF) resulting in
increased vessel hyperpermeability and retinal neovascularization. These processes

Hyperglycemia

oxidative stress, A
ROS, AGE activation of PKC polyol pathway RAS
retinal ischemia +————— vascular endothelial dysfunction —— blood flow dysfunction
HIF-1a [ IGF | VEGF ——— vascular per bility 1 diabetic macular edema

*

production of erythrop retinal neovascularization E PDR complications

Fig. 5.1 Summary of metabolic paths elicited in diabetic retinopathy. PKC—protein kinase C,
RAS-renin-angiotensin system, ROS-reactive oxygen species, AGE—advanced glycation end
products, HIF—hypoxia inducible factor, IGF—insulin-like growth factor
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lead to the characteristic lesions of DR we observe in advanced diabetic retinopathy,
such as hemorrhages, retinal edema, hard and soft exudates, venous anomalies and
abnormal retinal vessels.

DR is a neurodegenerative processes, which results in nerve cell apoptosis,
increased reactivity of glial cells, microglia activation and disturbances in glutamic
acid metabolism [8—10]. Activation of microglial cells stimulates subclinical inflam-
matory processes that are the hallmark of diabetic retinopathy. In the early stages of
DM there is a balance between pro and anti-inflammatory signals, however with DR
progression there is a predominance of pro—inflammatory factors and an increase in
chronic inflammation. Some studies show the progressive atrophy of retinal neurons
in diabetic patients, even in the absence of retinopathy, reflecting early subclinical
neurovascular inflammation prior to the development of clinical DR in patients with
DM [11-13].

The pathomechanism of diabetic retinopathy can be analyzed in the context of
therapeutic mode of action of different forms of retinal laser treatment. In an attempt
to explain the therapeutic mechanism of laser-induced retinal damage (LIRD), which
was the presumed prerequisite for effective retinal laser photocoagulation (LPC),
several hypotheses were proposed. The most popular one was referred to as vascular
theory and included simple reduction of pathologic retina by laser ablation; increased
oxygen diffusion to the inner retina and vitreous from the choroid through the thinned
chorioretinal laser scars; and reduction in metabolic demand by laser destruction of
retinal photoreceptors. In consequence, downregulation of vasoproliferative factors
was to be observed, followed by regression of neovascularization and retinal edema
[14].

The effectiveness of subthreshold laser modes, such as low-intensity/high-density
subthreshold micropulse laser (SML) showed that LIRD was unnecessary for thera-
peutic effectiveness in many retinal disorders. Retinal laser treatment was found to
trigger a biologic “reset” initiated by activation of retinal pigment epithelial (RPE)
heat shock proteins (HSP). The reset effect of retinal laser, absent tissue destruc-
tion, is functionally normalizing, anti-inflammatory, and apoptotic in vitro, in vivo,
and in human studies [15-18]. Thus, absent LIRD retinal laser is fundamentally
neuroprotective—critically important because DR is a neurodegenerative disorder
[19, 20].

Clinical Picture and Classifications of Diabetic Retinopathy

Diabetic retinopathy presents in two main forms: non-proliferative (NPDR—non-
proliferative diabetic retinopathy) and proliferative (PDR—proliferative diabetic
retinopathy), when retinal neovascularization develops. Depending on the stage,
various intensity of vascular lesions is observed at the fundus. In cases of mild NPDR
these are usually microaneurysms, retinal hemorrhages and soft and hard exudates.
Progression of retinopathy along with increased retinal ischemia results in onset
of such changes as venous abnormalities (constriction, beading, loops), intraretinal
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Table 5.1 Simplified classification of diabetic retinopathy, according to Wilkinson

Severity level Findings observed upon dilated ophthalmoscopy

No apparent retinopathy | No abnormalities

Mild NPDR Microaneurysms only
Moderate NPDR More lesions than just microaneurysms but less than severe NPDR
Severe NPDR US definition: any of the following and no signs of PDR (4:2:1 rule)

* Severe intraretinal hemorrhages and microaneurysms in each of
four quadrants

* Definite venous beading in two or more quadrants

* Moderate IRMA in one or more quadrants

International definition: any of the following and no signs of PDR

* More than 20 intraretinal hemorrhages in each of the four quadrants
* Definite venous beading in two or more quadrants

* Prominent IRMA in one or more quadrants

PDR One or both of the following
* Neovascularization
* Vitreous/preretinal hemorrhage

NPDR—non-proliferative diabetic retinopathy, PDR—proliferative diabetic retinopathy, IRMA—
intraretinal microvascular abnormalities

microvascular abnormalities (IRMA) and increased number of deep retinal hemor-
rhages, which is typical for severe NPDR. Defining of severe NPDR sometimes
named a “threshold disease” enabled to put in order recommendations for the LPC in
DR. Panretinal photocoagulation (PRP) can be considered in cases of severe NPDR
accompanied by additional risk factors, such as poor glycemia control, type 2 of
diabetes, loss of vision due to DR in other eye or planned cataract surgery.

Simplified classification of DR is presented in Table 5.1 [21].

On the other hand, defining the high-risk PDR enabled to indicate patients, in
whom PRP is strongly recommended without any delay. Cases with initial PDR with
just minor neovascularization can be closely observed or treated with anti-VEGF
intravitreal injections with possible deferral of PRP.

Definition of high-risk proliferative diabetic retinopathy (HR PDR) [22]:

1. | NVD with a surface area of 1/4 to 1/3 DA on or within one disc diameter of the optic disc

2. | NVD with pre-retinal or vitreous hemorrhage

3. | NVE with > 1/2 DA and with pre-retinal or vitreous hemorrhage

DA—area of the optic nerve disc, NVD—neovascularization on the optic disc, NVE—neovascu-
larization elsewhere

Progression of PDR leads to proliferation of fibrovascular tissue, that may lead to
development of retinal traction and subsequent vitreous hemorrhage and/or traction
retinal detachment. In such cases treatment of choice is pars plana vitrectomy (PPV).
Occurrence of vitreous or subhyaloidal hemorrhages is not rare in PDR. If non-
resorbing, the hemorrhage is usually qualified for surgical treatment. Indications,
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Table 5.2 Classification of diabetic macular edema (DME) according to Wilkinson [26]

Severity Signs upon dilated ophthalmoscopy

DME absent No apparent retinal thickening or hard exudates in the posterior pole

DME present Apparent retinal thickening or hard exudates in the posterior pole

Macular edema categories

Mild DME Some retinal thickening or hard exudates in the posterior pole, but far from
the center of the macula

Moderate DME | Retinal thickening or hard exudates approaching the center of the macula but
not involving the center

Severe DME Retinal thickening or hard exudates occupying the center of the macula

when surgical approach is preferred over laser treatment will be provided later in
that chapter.

Every stage of DR can be accompanied by diabetic macular edema (DME). Back
in the 1980s, when LPC was a main form of treatment of DME, definition of clinically
significant macular edema (CSME) was introduced. According to Early Treatment
Diabetic Retinopathy Study Group (ETDRS) CSME was defined as at least one of
the following [23]:

a. a thickening of the retina within 500 pwm or less from the macular center,
or
b. hard exudates within 500 pwm or less from the macular center, if accompanied by
retinal thickening,
or
c. retinal thickening with an area equal to or greater than the optic disc (>1 DA)
any part of which is within one disc diameter from the foveal center.

Focal or GRID laser treatment was recommended by ETDRS for such cases. It
is important to keep in mind that the threshold for LPC was strongly influenced
by the risks and adverse effects of RPC. Thus, LPC was recommended late, when
visually compromising or threatening complications of DR had already developed
(CSME). Contemporary guidelines in ophthalmology still recommend classic LPC
only in selected types of DME, with intravitreal therapies applied in most cases with
foveal involvement. This is despite the increasing evidence that retina-sparing non-
inflammatory retina laser compares favorably to LPC, with superior visual results
[17, 24, 25]. Hence, nowadays, simple definition of DME intensity is used more
often, as it responds better to modern treatment guidelines—Table 5.2.

Diagnostics

Performing precise LPC in DR required conducting proper diagnostic tests prior
to laser. Diagnostics, similarly as treatment, is conducted in two areas: central
part of the retina (macula) and peripheral retina. Central retinal area is evaluated
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according to the presence and severity of the edema and the presence of ischemia
(ischemic maculopathy). Assessment of peripheral retina concerns the range of areas
of hypoperfusion and the presence of retinal neovascularization.

Diagnostic Tests for Macular Area

Historically, the substantial diagnostic test for assessment of macular area was fluo-
rescein angiography (FA). It was always performed before planned laser photocoag-
ulation in the macular area. FA still remains the most reliable tool for detection of
microaneurysms and macular ischemia. Nowadays, when LPC is rarely performed
in the macular area, FA is not used that often, especially when non-invasive imaging
with spectral domain optical coherence angiography (SD-OCT) and OCT angiog-
raphy (OCTA) are available. European Retinal Society EURETINA recommends to
perform FA at the beginning of the diagnostic and therapeutic process in diabetic
macular edema [27]. Nevertheless, in cases eligible for subthreshold laser treatment
such as SML, which does not target focal or local leaks, FA is generally unnecessary
[28].

Figures 5.2, 5.3 and 5.4—Figs. 5.2 and 5.3 present focal and diffuse macular
edema in DME. Figure 5.4 shows area of capillary non-perfusion in the course of
ischemic maculopathy.

Monitoring of efficacy of treatment of DME does not require repeatedly performed
fluorescein angiographies. In the course of monitoring of DME, fluorescein is usually
repeated in cases with diagnostic dilemmas, cases non-responsive to treatment or in
cases suspicious of macular ischemia. It has to be emphasized, that often FA can
be substituted with OCTA. OCT angiography can precisely visualize enlargement
of foveal avascular zone (FAZ), deficiencies of capillary network in the macular
area (so called “capillary drop-out”) and alterations in the density of capillary
network throughout the treatment period [29, 30] (Fig. 5.5). Considering techno-
logical advancements of OCTA and improvement of the quality of the imaging, it
can be expected that this test will soon become the most important tool for evaluation
of capillary vessels in DME.

Optical coherence tomography, at present typically used in spectral domain mode,
is the diagnostic tool employed most often for the evaluation of DME. This non-
invasive imaging provides cross-section of the retina and allows for morphological
assessment of macular edema. Four most important features of the macular edema
are classified as follows [31]:

General thickening of the retina, sometimes described as retinal sponginess
Cystoid edema (cystoid macular edema—CME)

Subretinal fluid (SRF)

Vitreoretinal traction (VRT).

Additionally, SD-OCT provides the possibility to measure total retinal thickness
and its layers, what has practical implications for monitoring of effects of treatment,
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Fig. 5.2 Focal macular edema on color fundus photography and fluorescein angiography. A cluster
of microaneurysms is visible inside the arch of hard exudates outside foveal region. The source of
leakage is detected at FA images

Fig. 5.3 Diffuse macular edema on color fundus photograph and fluorescein angiography. Diffuse
retinal staining is visible at FA images

including laser therapy. Assessment of retinal architecture and thickness simpli-
fies the decision making about the planned treatment. Severe macular edema, with
central subfoveal thickness (CST) of 400 wm and more, rarely responds well to laser
photocoagulation, likely reflecting the limitation of LPC placement and density in
the macula, and treatment-induced inflammation resulting from tissue destruction.
Retina sparing treatments, including drugs and subthreshold laser, do not have such
limitations or drawback. Drugs will work more quickly in such eyes, but combined
treatment with laser might be more effective for long-term control [32]. In such cases,
one may begin with anti-VEGF intravitreal injections to obtain rapid improvement
if necessary, and then switch to subthreshold laser to achieve long-term elimination
of the DME while minimizing the number of injections required. Eyes with central
SRF respond poorly to LPC due to significant inflammation which is worsened by
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Fig. 5.4 Ischemic maculopathy on color fundus photographs and fluorescein angiography. FA
reveals large areas devoid of capillary perfusion in the macular center and at the periphery

A B

Fig. 5.5 A and B Capillary drop-out in the course of DME observed on OCT-angiography. Scan a
shows loss of capillaries at the level of superficial capillary plexus and scan b at the level of deep
capillary plexus

LPC. Thus, diffuse DME with central CME should not be treated with LPC, but can
be addressed effectively by either drugs or SML laser which can both safely treat the
fovea [33, 34]. Finally, detection of vitreomacular traction allows to qualify patient
for pars plana vitrectomy (Fig. 5.6).
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Fig. 5.6 A, B, C, D, E Different types of diabetic macular edema in SD-OCT, A—diffuse retinal
sponginess without large cysts in sensory retina, B—retinal sponginess with hard exudates visible as
hyperreflective foci, C—cystoid macular edema, D—cystoid macular edema with subretinal fluid,
E—macular edema with traction and epiretinal membrane

Diagnostics of the Retinal Periphery

Analysis of the lesions at the retinal periphery allows for classification of the
retinopathy. The most reliable tool to assess the peripheral retinal changes and
peripheral vascular perfusion currently is fluorescein angiography (FFA). Basing
on FFA, it is possible to classify retinopathy as proliferative or non-proliferative and
define its severity within these categories. The standard for such evaluation for a few
decades was performing of FA in seven standard retinal fields according to ETDRS
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protocols. In recent years, ophthalmological diagnostics faced the advent of ultra-
wide field (UWF) imaging of the fundus. The advantage of these devices over the
classic fundus-cameras is simplicity, allowing capture on a single photograph rather
than via a montage of multiple photos (the angle of 200° vs. 30—45° with classic
fundus-cameras) (Fig. 5.7).

Diagnostics of DR with employment of UWE-FA allowed for more precise deter-
mining of DR stage, usually revealing lesions indicating its greater severity than
appreciated by standard ETDRS composites (ex. foci of NVE localized at the far
periphery) [35-37]. Research on UWF-FA have indicated that the presence of periph-
eral lesions, especially vascular abnormalities and areas of hypoperfusion, increases
the risk of diabetic retinopathy progression [38]. Moreover, Wessel et al. confirmed
a correlation between the extensiveness of the peripheral areas of hypoperfusion
diagnosed with UWF-FA and the prevalence of DME [39].

A

Fig. 5.7 A, B, C—Fluorescein angiography images of patients after panretinal photocoagulation
the from the standard fundus camera (A and B) versus wide field device (C). Images on the b
photograph are a mosaic of three visual fields
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Fig. 5.8 Example of wide
field OCTA exam in DR
(Optopol REVO device
2022)

Wide-field fundus camera can also be utilized in screening programs for DR
detection and severity assessment, facilitating relatively fast and reliable diagnosis
[40, 41]. Despite many advantages, UWF systems of imaging are at present very
costly and thus not standard in ophthalmological outpatient clinics.

Wide field systems of OCTA imaging are at present being introduced to modern
ophthalmic diagnostics. Images obtained from such devices present not only the
central part of the retina but also the periphery. Research on validation and reliability
of such UWF devices are ongoing [42, 43]. Hopefully, in the future non-invasive
angio-OCT exams will replace classic angiography, which requires injection of dye
with the risk of allergic reactions (Fig. 5.8).

Principles of Management of DR

Management of diabetic retinopathy should always be simultaneously conducted in
two scopes: treatment of DME and treatment of the retinopathy itself, including the
retinal periphery. Among different therapeutic modalities important position take
various forms of laser treatment, depicted further in this chapter. At this point most
important treatment algorithms for DR are presented.
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Treatment of Diabetic Retinopathy Itself

Table 5.3 comprises the compendium of the recommendations of treatment of diabetic
retinopathy based on recommendations of American Academy of Ophthalmology
(Preferred Practice Pattern) and Royal College of Ophthalmology [44, 45]. The rules
presented in this short manual situates the panretinal laser photocoagulation (PRP)
among other treatment options available for different stages of retinopathy. Details
concerning PRP technique are provided further in that chapter. At this point it needs
to be emphasized, that the key to successful local treatment of the patient with DR is
the strict control of systemic factors influencing the development or progression of
diabetic retinopathy. These include of control of glycemia, blood pressure, plasma
lipids, body-mass index and stress. Correlation between good control of systemic
indexes and diminishing the risk of development of ocular complications has been
shown in large clinical studies conducted with diabetic patients. Diabetes Control
and Complication Trial (DCCT) and the UK Prospective Diabetes Study (UKPDS)
have shown that improving glycemic control and blood pressure reduces the risk of
retinopathy developing and progressing in patients with type 1 and 2 diabetes (DM 1
and DM2). In particular, the DCCT study showed that in DM1 intensive glycemic
control was the most important preventive factor, and the patients randomized to
the intensive treatment group reduced their risk of developing DR by 75% and of
DR progressing by 54% over 6.5 years. There was a 35-50% reduction in the need
for cataract surgery and vitrectomy in this group [46, 47]. UKPDS study provided
evidence, that adequate blood pressure control is of the greatest importance, since it
reduced the risk of DR progression by 34%, and the risk of visual deterioration over
nine years by 47% [48, 49]. In the Steno-2 study, a multifactorial intervention for
glycemia, hypertension, dyslipidemia and micro-albuminuria—using hypoglycemic
drugs, converting enzyme inhibitors, and statins—reduced the risk of microvascular
and macrovascular complications (including DR) by 50% [50]. This study demon-
strated the effectiveness of a proactive, multifactorial approach to risk factors in
patients with DM2.
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Table 5.3 Management of diabetic retinopathy (based on AAO recommendations, including and
RCO recommendations) [34, 35]

Severity of | DME Frequency of PRP Focal/GRID Intravitreal

the present | monitoring laser treatment | anti-VEGF

retinopathy therapy

Mild No Every 12 months No No No

Yes — For CI DME: No Sometimes: Usually with CI
every month at with NCI DME | DME,
the beginning of or when sometimes with
the intravitreal intravitreal NCI DME
therapy injections are
— For NCI DME: not available
every 3—6 months
(3 months after
laser treatment)
Moderate No Every 6-12 months | No No No
Yes — For CI DME: No Sometimes: Usually with CI
every month at with NCI DME | DME,
the beginning of or when sometimes with
the intravitreal intravitreal NCI DME
therapy injections are
— For NCI DME: not available
every 3—6 months
(3 months after
laser treatment)

Severe No Every 3-4 months | Sometimes | No Sometimes to
with reduce
coexisting retinopathy
risk factors severity

(off-label)
Yes — For CI DME: Sometimes | Sometimes: Usually with CI
every month at with with NCI DME | DME,
the beginning of | coexisting | or when sometimes with
the intravitreal risk factors | intravitreal NCI DME

therapy

— For NCI DME:
3 months after
laser treatment or
every 2—4 months
at follow-up only

injections are
not available

(continued)
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Table 5.3 (continued)

Severity of | DME Frequency of PRP Focal/GRID Intravitreal
the present | monitoring laser treatment | anti-VEGF
retinopathy therapy
Non-HR No Every 2-4 months | Usually yes | No Sometimes in
PDR combination
therapy with
PRP, or in
monotherapy
instead of PRP
Yes — For CI DME: Usually yes | Sometimes: Usually with CI
every month at with NCI DME | DME,
the beginning of or when sometimes with
the intravitreal intravitreal NCI DME
therapy injections are
— For NCI DME: not available

3 months after

laser treatment or
every 2—4 months
at follow-up only

HR PDR No Every-2—4 months | Yes No Sometimes in
combination
therapy with
PRP, or in
monotherapy
instead of PRP

Yes — With CI DME: Yes Sometimes: Usually with CI
every month at with NCI DME | DME,
the beginning of or when sometimes in
intravitreal injections are | NCI DME
therapy not available
— For NCI DME:

3 months after
laser treatment or
every

2—4 months at
follow-up alone

AAO—American Academy of Ophthalmology, (RCO)—Royal College of Ophthalmologists, CI
DME—center-involved diabetic macular edema, DME—diabetic macular edema, NCI DME—non-
center-involved diabetic macular edema, PRP—panretinal photocoagulation
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Comments

In the case of CI DME and BCVA > 20/25, treatment should be postponed until the
decline in BCVA if only LPC or anti-VEGF injection is considered. In the case of NCI
DME with BCVA > 20/32 and close monitoring, observation and delay of treatment
may be considered. This does not apply to LPE-sparing lasers such as SML as there
are no adverse treatment effects and thus no reason to delay treatment. Delay in
treatment is detrimental, as worsening of DME is the rule, and once VA is decreased,
many eyes do not recover 20/20 VA even following elimination of DME [34]. For
severe NPDR without DME, the efficacy of anti-VEGF (regression of retinopathy)
therapy is under investigation.

Treatment Algorithms for DME

General Remarks

Contemporary guidelines place intravitreal injections of anti-VEGF agents in the
first line of treatment of central involved DME. In large part, this reflects the adverse
treatment effects of RPC, to which drugs have been compared in all large randomized
clinical trials (RCTs) for DME. The following medications from that group are in use
at the moment: ranibizumab (Lucentis), aflibercept (Eylea), brolucizumab (Beovue),
and bevacizumab (Avastin) used off label. The other medications are awaiting regis-
tration with the faricimab being the first in line at the moment of publishing of that
book. Second line therapy for central involved DME are intravitreal injections with
corticosteroids, among which dexamethasone (Ozurdex) is the first choice. Other
drugs from that group are the triamcinolone acetonide (Kenalog, Vitreal S), used
off-label, and fluocinolne (Iluvien) applied in refractory cases of central DME of
long duration. Intravitreal corticoids may be used as the first choice of treatment
in patients burdened with systemic vascular comorbidities. The use of intravitreal
corticosteroids is associated with potential side effects, such as increase in intraoc-
ular pressure and cataract formation, which will develop in majority of patients. In
general, psudophakic patients are preferred for that form of treatment.

In this day, classic LPC is not recommended in cases with central involved DME.
Nevertheless, it is accepted in extrafoveal and vasogenic form of DME, in which
microaneurysms responsible for the leakage and subsequent edema can be visualized
with FA. Subthreshold and non-damaging to the retina modes of laser treatment,
which are non-targeted, absent adverse treatment effects and able to treat through
the fovea like drugs, are not limited by these considerations.

Surgical treatment in DME (usually PPV) is recommended in cases with accom-
panying anomalies of vitreoretinal interface, such as epiretinal membranes (ERM),
vitreomacular traction (VMT) or vitreomacular adhesion (VMA). The question of
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Fig. 5.9 Proposed treatment algorithm for DME based on recommendations of different ophthalmic
societies around the world

performing PPV for DME resistant to other treatments without vitreoretinal alter-
ations remains the question of debate. Nevertheless, this mode of treatment is used
in refractory cases of DME by experienced vitreoretinal surgeons (Fig. 5.9).

Laser Treatment of Diabetic Retinopathy and Diabetic
Macular Edema

Historical Milestone Studies on Laser Treatment of DR and DME

Laser treatment had been used in clinics to treat diabetic retinopathy for decades
before precise recommendations were formulated based on the results of randomized

clinical trials.

First prospective randomized studies on the efficacy of PRP in preventing severe
visual loss in DR, defined as decrease of BCVA below the level of 5/200, was
conducted by the Diabetic Research Study Group (DRS). For the purpose of the
study, definition of HR-PDR was conceptualized, indicating the group of eyes that
would benefit the most from the prompt PRP. The study proved that immediate PRP
in HR-PDR reduces the risk of SVL by almost half at 4 years of the follow-up (Table
5.4). Definition of HR-PDR has been used ever since in clinical practice.
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Table 5.4 Results of diabetic retinopathy study 1972-1979 [51]

Type of retinopathy | Follow up (years) | Eyes with SVL in control | Eyes with SVL in PRP
group (%) group (%)
Severe NPDR 2 3 3
4 13 4
Mild PDR 2 7 3
4 21 7
HR-PDR 2 26 11
4 44 20

SVL—severe visual loss defined as BCVA < 5/200 at two subsequent follow up visits, PRP—
panretinal photocoagulation, NPDR—non-proliferative diabetic retinopathy, PDR—proliferative
diabetic retinopathy, HR-PDR—high risk proliferative diabetic retinopathy

The DRS and later also Early Treatment Diabetic Retinopathy Study (ETDRS)
Group continued clinical research, this time including in the analysis also efficacy
of focal and GRID laser photocoagulation in preventing of the visual loss in DME.
Results of the ETDRS group showed that early LPC in DME can significantly reduce
the risk of moderate visual loss, defined as at least doubling of visual angle [19, 52].
Results of that studies are presented in Table 5.5.

Results of the milestone studies can serve as a reference, nevertheless it has to be
remembered, that they were published decades ago. Since then, ophthalmology has
benefited by the advent of intravitreal therapies inhibiting the progression of neovas-
cularization and reducing the macular edema without damaging the retina. Similarly,
safe and non-damaging subthreshold laser photocoagulation in the pulsed mode was
developed and proved effective in the treatment of macular edema. Thus, the use
of classic laser photocoagulation, that causes retinal scarring, has to be nowadays
considered in the context of available other treatments that do not damage the retina.
Because of the inherent adverse effects and poor visual results of LPC, LPC should

Table 5.5 Results of the efficacy study of laser photocoagulation for DME treatment (ETDRS)
[19]

Extent of DME Follow-up time Eyes with SVL in Eyes with SVL in RPC
(years) control group (%) group (%)

CSME (center not 1 8 1

inVOlVed) 2 16 6
3 22 13

CSME (center 1 13 8

inVOlVed) 2 24 9
3 33 14

MVL—moderate visual loss defined as at least doubling of visual angle, CSME—<clinically
significant macular edema, LPC—Ilaser photocoagulation
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no longer be considered a first-line treatment due to the availability of effective retina
sparing alternatives.

Contemporary Application of Laser Photocoagulation
in the Treatment of DR

Classic LPC s still considered an effective and reliable method of treatment of prolif-
erative diabetic retinopathy. This fact has been reflected in the guidelines published
by different ophthalmic societies around the world. PRP is strongly recommended in
HR PDR and in the case of neovascularization of the iris or presence of neovascular
glaucoma.

ETDRS does not recommend PRP in eyes with mild or moderate retinopathy. In
cases of severe NPDR, ETDRS advised to defer laser treatment until development
of HR PDR stage [53].

Remember that these recommendations reflect the risks and adverse effects of
LPC that necessitate waiting for more severe disease to develop before intervention
is justified, and does not reflect the availability of retina-sparing treatments. Never-
theless, PRP should also be considered in selected cases of mild PDR and severe
NPDR in the presence of additional risk factors.

According to RCO, PRP in non HR-PDR is allowed in the following situations
[43]:

Older patients with DM2

In cases with poor visibility of the fundus

Before planned cataract surgery

In a better eye, in case of visual loss in the other eye due to PDR
In cases with poor compliance.

opooe

Traditionally, once HR PDR is diagnosed, full PRP should be performed as soon
as possible, within a maximum of two weeks from diagnosis. The number of sessions
is not defined and depends on the patient’s experience of pain. In such a situation,
multispot laser therapy is very useful, because it is usually possible to perform full
PRP in one or two sessions.

The PRP technique has evolved along with the technological development of
lasers. Originally, ETDRS recommended laser ablation of the retina with an area of
atleast 236 mm?, which corresponds to 1,200-1,600 spots with a diameter of 500 pm.
As a standard, the exposure time was set at 0.1 s, and the laser power was adjusted
to obtain a visible full-thickness retinal burn. The distance between the spots should
be 0.5-1 of the diameter of the impact made. This number of burns was performed
over two or more sessions. In the era of multispot lasers, shorter exposure times are
used: from 0.01 to 0.05 s and often smaller spots, for example with a diameter of
300—400 pm. In such a situation, it is sometimes necessary to perform more burns,
but the procedure can actually be performed in a single session.
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Principles of ETDRS PRP Protocol

e Setting the focal diameter to 500 pm and the time to 0.1 s in the case of classic
photocoagulation.

e Setting the laser power (titration) to obtain a slight fading full-thickness retinal
burn of the retina in the at the laser spot.

e Determining the extent of laser treatment (boundaries) with 1-2 rows of
photocoagulation spots:

— temporally at a distance of 2 DD from the border of the foveal avascular zone
(FAZ),

— along the main vascular arcades,

— nasally at a distance of 1 DD from the margin of the nerve disc.

e Performing PRP peripherally from the designated boundaries.

e Reduction of the laser power when conducting PRP on the periphery.

e Avoiding direct photocoagulation of vessels, including NVD; it is permissible to
treat flat areas of NVE with scatter or confluent laser spots.

Practical Remarks

e Inadvanced, non-regressive PDR, PRP should be extended to the retinal periphery.

e The intensity and extent of PRP depend on the severity of the retinopathy.

e Higher intensity treatment increases adverse effects and complications of treat-
ment.

In technical terms, complete panretinal photocoagulation can be planned in two
ways. In the first case, after marking the boundaries of the laser therapy by means of
individual rows of photocoagulation spots, we divide the procedure into individual
quadrants of the retina and perform it successively in each quadrant. In the second
form of PRP, used by more experienced clinicians, we perform scatter laser therapy
at once in all quadrants, successively condensing the spacing of spots and moving
the procedure peripherally during subsequent sessions.

PRP with Multispot Laser

Conventional LPC PRP can be made more comfortable with the use of multispot
lasers, which have been introduced to the market about 20 years ago and now
are used commonly to treat retinal diseases. The improved comfort of treatment
is owing to much shorter spot durations, minimizing heat spread from the spot of
LPC. The multispot function applies to lasers of different wavelengths, most often
green (532 nm) and yellow (577 nm). Technically the application of this innovation
consists in making a whole series of photocoagulation spots in a short time. The time
of a single exposure is usually from 0.01 to 0.02 s (compared to the standard time in
classic photocoagulation: 0.1 to 0.2 s).
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Performing a photocoagulation spot with the multispot laser results in delivering
less energy to the tissue than in the case of a classic photocoagulator. Admittedly,
performing a spot with such a short exposure time requires the use of high laser
power, but the total fluence (pulse energy per unit area) is lower. A short exposure
time results in the formation of smaller scars, less damage to the adjacent retina, and
consequently smaller defects in the field of vision [54, 55]. In addition, the scars
formed do not tend to enlarge over time; in fact their size sometimes decreases.
Multispot laser therapy is more patient-friendly, as it causes significantly less pain
[56]. Research shows that performing full PRP with a multispot laser in one session
can achieve the same results as conventional PRP spread over several sessions [57—
60]. As a consequence, performing full PRP (1500 spots) in one session is possible,
safe and effective. It has also been shown that performing PRP with a multispot
laser in one session does not cause thinning of nerve fibers, which was observed
a few months after the PRP procedure performed with a classic laser within a few
sessions [61]. Moreover, completion of PRP in a single session resulted in better
regression of neovascularization compared with a procedure spread over several
sessions. Nevertheless, it has to be noted, that some studies of short-pulse multisport
lasers show that, compared to conventional PRP, short-pulse laser is less effect and
this effectiveness is not improved by increasing treatment density [33].

Strategies for PRP Treatment

The RCO, based on the recommendations of ETDRS (1985), recommends the
following strategies for performing primary PRP [43]:

1. early PDR (early neovascularization (NV): neovascularization elsewhere (NVE)
and on the disc (NVD) when NV is flat and less than 1/2 DD): 1,200-1,800 spots
over two weeks; follow up after four months (unless the patient is pregnant);

2. moderate PDR (NVD > 1/2 DA, forward NVD beyond disc margin or forward
NVE in any quadrant, NVE in four quadrants): 2,000-2,500 spots in two weeks;
follow up after three months, unless there is poor glycemic control or the patient
is pregnant—in which case, after a shorter period;

3. severe PDR (large NVE in any quadrant, NVE with tractional retinal detach-
ment, large NVD covering the entire optic disc, NVD with tractional retinal
detachment): 3000 exposures over 3—4 weeks; for vitreous hemorrhage, photo-
coagulation of the areas of the retina that are visible then remaining as blood is
absorbed; additional anti-VEGEF intravitreal therapy is possible.

Remark in the box

In the case of severe PDR with hemorrhages and traction, immediate surgical treat-
ment—posterior vitrectomy—is usually recommended. The ETDRS recommenda-
tions date back to the years when the technique of vitrectomy was not as developed
as it is today.
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PRP should be continued or condensed in the following situations (combined
therapy with anti-VEGF intravitreal injections or PPV can also be considered).

Insufficient regression of neovascularization

Progression of retinal neovascularization or neovascularization of the iris
New intravitreal hemorrhage

New areas of neovascularization.

The Number of Spots in Panretinal Photocoagulation

The most common mistake made by ophthalmologists in heavy DR laser therapy
with PRP is making too few burns. For example, in the United Kingdom, in 1995,
the mean area of the retina subjected to PRP was 98.2 mm?, with the ETDRS and DRS
recommending a minimum area of 236 mm? [62]. This corresponds to a minimum
of 1,200-1,500 spots that should be performed. In the case of advanced PDR, this
number should be much higher. Due to the frequent use of multispot lasers for
PRP, it is worth considering the number of spots required for this photocoagulation
technique. The RCO suggests that this number should be greater than for classic PRP.
The Manchester Pascal Study (MAPASS study) determined the mean cumulative
number of multispot laser burns required to achieve PDR regression in patients
treated within the 18 months period of the follow up: mild PDR required an average
of 2,200 spots (an of area 264 mm?), moderate PDR 4,000 spots (an area of 456
mm?), and advanced PDR required 7,000 spots (an area of 836 mm?) [63]. (Data for
Pascal laser from Topcon Medical Laser System) (Fig. 5.10).

A B

Fig. 5.10 A, B Panretinal photocoagulation performed with classic laser (A) and multispot laser
(B). Images are the mosaic of the photographs from the standard fundus camera
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Lenses for Scatter Laser Therapy

Panfundoscopes are used to perform panretinal photocoagulation, i.e. wide-angle
imaging lenses, for example Super Quad or Equator Plus (Volk) or NMR Mainster
PRP 165 (Ocular). Using a Goldmann three mirror lens to perform PRP is not recom-
mended. It is important to remember that the photocoagulation burn that is created
on the retina with the panfundoscope is twice as large as the laser setting, i.e. with a
choice of 200 wm we actually obtain a 400 wm diameter burn.

Most panretinal laser photocoagulation procedures are performed under topical
anesthesia—tetracaine or proparacaine drops. In some situations, when we want to
quickly perform panretinal photocoagulation, and the patient is unable to withstand a
longer session (e.g. due to perception of pain), periocular or extraocular anesthesia is
used. Some authors also recommend topical drops of non-steroidal anti-inflammatory
drugs a few days before the scheduled laser procedure.

Functionally restorative and retinal sparing lasers such as SML is generally pain-
less and thus both panmacular and peripheral retinal treatment can be performed with
the use of non-contact 90D lens, precluding the need for topical anesthetic drops.
Nevertheless laser treatment with non-contact lens always requires more skills and
practice.

Panretinal Photocoagulation Intensity

The standard of using full-thickness photocoagulation burns for treatment of diabetic
retinopathy was based on the presumption, that LIRD was necessary for a therapeutic
effect. This was then codified by the ETDRS [23]. Not surprisingly, progress has been
made in the past 40 decades and it is not clear now that full-thickness retinal burns
and RPC are necessary and bring optimal treatment outcomes. Reducing LPC treat-
ment intensity can improve outcomes and diminish the complications, as per the
ETDRS finding of the adverse effects of increased intensity, and improved outcomes
associated with increased treatment density. Bandello et al. compared the effective-
ness of mild PRP with classic PRP in HR PDR [64]. Mild PRP relied on the use
of low argon laser powers: only barely visible retinal fading was targeted during
laser therapy. That strategy corresponded to median laser power of 235 mW versus
420 mW used for classic PRP. The results of the study showed that mild PRP had
comparable efficacy to classical PRP, with fewer complications.

PRP in Subthreshold Mode

Subthreshold micropulse laser treatment is not a standard form of managing the PDR,
but studies showing its effectiveness in treating this disease should be mentioned
(Table 5.6). Luttrull et al. emphasize the lack of fibrovascular tissue shrinkage
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Table 5.6 Studies demonstrating the effectiveness of subthreshold micropulse laser therapy in the
treatment of proliferative diabetic retinopathy

Study No. of eyes Study design Results
Luttrull et al. [65] | 99 with severe NPDR | — Retrospective study | — No change in BCVA
or PDR — The following but increased eyes
parameters were with VA > 20/40

assessed: BCVA,
occurrence of VH,
the need for PPV
after 12 months

Estimated probability
of VH = 12.5% and
of PPV = 14.6%
(most for ERM not
DR)

No cases of post
treatment TRD or
neovascular
glaucoma

DR progression in
4/99 (4%) eyes at

12 months post SML

Jhingan et al. [66]

20-10 patients with
symmetric severe
NPDR or low-risk PDR

Prospective,
randomized
study—each eye
randomized to classic
PRP or SML
Assessed parameters:
BCVA, contrast
sensitivity, visual
field and ERG in both
groups at 9 months

One eye of the SML
group developed VH
and required classic
PRP

The classic PRP
group had worse
retinal sensitivity
compared to the SML
group, but the
difference was not

statistically
significant

BCVA-best corrected visual acuity, ERG—electroretinography, NPDR—non-proliferative diabetic
retinopathy, PDR—proliferative diabetic retinopathy, PPV—pars plana vitrectomy, PRP—panretinal
photocoagulation, SML—subthreshold micropulse laser, VH-vitreous hemorrhage TRD—tractional
retinal detachment ERM—epiretinal membrane

after PRP performed with laser micropulses [65]. This quiet postoperative course
was attributed to the absence of treatment associated inflammation. Only 4/99 eyes
(4%) progressed following peripheral retinal SML, and no eye developed new DME
following treatment. 35 eyes entered the study with severe NPDR. At 12 months
follow up, only 3 had progressed to PDR (8%). This is substantially lower than
the expected 50% rate of progression (p < 0.001). Of note, subthreshold treatment,
because there are no adverse effects or treatment pain, can be completed in a single
session. Nevertheless, due to the small number of clinical trials on PRP performed in
PDR in the SML mode, this form of laser treatment should be classed as promising
option, however further research is needed to confirm its efficacy.
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PPV Versus PRP for PDR

Contemporary advancements in surgical ophthalmic techniques have changed ther-
apeutic decision making in cases of advanced and aggressive forms of prolifera-
tive retinopathies. More often surgical treatment (PPV) is recommended instead of
LPC. In large part, this is because conventional PRP aggravates preretinal fibrosis
and contraction of proliferative membranes due to inflammation arising from tissue
destruction. Anti-VEGF injections can also predispose to tractional retinal detach-
ment and vitreous hemorrhage in eyes with advanced PDR by causing precipitous
contraction of the fibrovascular membranes [67].
PPV should be considered in the treatment of PDR are the following [42, 68].

Non-resorbing vitreous or subyaloidal hemorrhage

Non-resorbing vitreous hemorrhage after PPV

Tractional, rhegmatogenous or mixed retinal detachment

Advanced fibrovascular proliferations threatening macula if the potential for
improvement is present

Epiretinal membrane in the macular area, traction in the macular area

DME unresponsive to other therapies.

Combined Therapies: Laser Plus Anti-VEGF

Combined therapies of anti-VEGF plus PRP have been used in practice to treat
PDR for more than a decade, nevertheless there are just a few randomized studies
that would confirm efficacy of such therapy. So far, clear recommendations for such
treatment have not been outlined, so considerations have to base on available clinical
reports. Main goals of combined treatment in PDR can be described as follows:

e Faster and more effective regression of neovascularization compared to
monotherapy

e Effective treatment of accompanying DME

e Prevention of macular edema occurring post intensive PRP.

Studies analyzing incidence of macular edema after panretinal photocoagulation
prove the advantages of combined therapy (intravitreal anti-VEGF or corticosteroids
plus PRP) compared to PRP alone [69, 70].

Regression of retinal neovascularization after combined treatment (PRP plus anti-
VEGF) in DR was analyzed in a large randomized trial: PROTEUS study [71]. Partic-
ipants of the study were divided into two groups depending on the received treatment:
PRP alone and combined (PRP plus 3 monthly doses of intravitreal ranibizumab
0.5 mg). At 12 months, significantly better regression of NV was noted in the combi-
nation treatment group. Similar results were reported also in IBeHi study [72]. Anti-
VEGF injections proved effective also in the treatment of PDR refractory to treatment
with LPC, despite repeated treatments [73].
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The question to be solved remains the arrangement of the algorithm, according to
which combined therapy should be conducted. Mechanism of action and information
provided in the Summary of Product Characteristics of anti-VEGF medications a
loading dose at the beginning of treatment with PRP performed after or parallel to
loading dose. This recommendation reflects the design of the clinical trial, however,
rather than the results of independent study.

Anti VEGF injections have also been tested for the treatment of vitreous hemor-
rhage in the course of PDR. Protocol N study by DRCRnet group showed that intrav-
itreal application of ranibizumab allowed for completion of PRP in a larger number of
patients compared to the group that was just observed (44 vs. 31%) [ 74]. Nevertheless,
finally the percentage of required vitrectomies was similar in both groups.

The most important question emerging nowadays is whether the anti-VEFGF
treatment can substitute for the PRP in advanced stage of DR. So far results of
two large randomized studies comparing efficacy of ranibizumab alone (Protocol S
by Diabetic Retinopathy Clinical Research network group (DRCRnet group)) and
aflibercept alone (Clarity study) versus PRP in advanced stages of DR (severe NPDR
and PDR) are available [75, 76]. In both trials, patients who were subject to anti-
VEGF treatment ended up with a better visual field, less often required vitrectomy
or developed DME compared with patients after PRP. Nevertheless, for quite a large
number of patients in Protocol S, frequent need for intravitreal injections together
with high number of follow-up visits sustained a significant burden, that led to a large
percentage of lost to follow-up (LTFU) patients at five years (about one third) [77]. In
the drop-out group, severe complications, such as progression of neovascularization
or tractional retinal detachment were by far more frequent in the anti-VEGF treated
group compared to PRP group. In ranibizumab LTFU group retinal detachment was
noted in 33% and intensive NVD in 40% versus respectively 2.2% and 9% in the
PRP LFTU group [78].

The cost-effectiveness analysis based on Protocol S results and carried out by
the DRCR.net group showed that ranibizumab monotherapy in patients with PDR
and DME is the most reasonable option when treating the better eye. In eyes with
PDR without DME, such cost-effectiveness was not found. The use of panretinal
photocoagulation in such situations is much cheaper and more economically effective
[79].

It is worth noting that panretinal photocoagulation, despite complications such as
visual field loss or the risk of macular edema development, is effective in regressing
pathological vessels. Moreover, it usually does not need to be repeated many times,
which is a feature of anti-VEGF therapy. The results of the Protocol S study after
five years show that not all patients are able to tolerate the inconvenience of frequent
intravitreal injections (the LTFU group). For this group, PRP seems to be a better
solution as it prevents the development of dramatic complications without the need
for numerous procedures. The promise of retina sparing laser treatment approaches,
such as SML performed in panretinal mode, are that they may offer the durability
and effectiveness of conventional LPC, but without adverse treatment effects; and
the visual function results of intravitreal drug therapy, but without the cost and
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burden of drug injections. Confirmation awaits further study. Application of intrav-
itreal anti-VEGF treatment in advanced PDR is not devoid of serious complications.
Contraction of fibrovascular membranes after regression of neovascularization due to
VEGF blockage can cause tractional retinal detachment, what is described as “anti-
VEGF crunch syndrome”. Sudden visual loss is reported between 1 and 6 weeks post
injection, 13 days on average. Hence, PDR cases with significant fibrovascascular
proliferations are candidates for PPV rather than anti-VEGF treatment alone or in
combination with laser [80].

Laser Treatment in DME

Classic Laser Photocoagulation

As it was mentioned at the beginning of this chapter, with the advent of intrav-
itreal therapies, LPC, while still “a” standard of care in patients with DME, has
been relegated to the treatment of 2nd or 3rd choice by anti-VEGF therapy. This is
for a good reason. Diabetic retinopathy is characterized by chronic neurovascular
inflammation and loss of autoregulation. Thus, the limitations of LPC for DME
can be easily understood if one uses the histopathologic description of LPC: acute
iatrogenic multifocal chorioretinitis. Thus based on our present knowledge, acute
multifocal chorioretinitis cannot be advantageous in DME. Anti-VEGEF treatment in
DME provides significant visual gains without damaging the retina. Of note, only 3%
of patients in a milestone ETDRS study from 1985 achieved BCVA gain of three or
more ETDRS lines [23]. The scars that occurred after LPC had a tendency for enlarge-
ment, what could result in deterioration of visual acuity even years after the laser
session. Intense LPC burns may result in choroidal neovascularization, preretinal
and subretinal fibrosis that may cause significant permanent visual loss. Neverthe-
less, LPC performed according to ETDRS protocols is still considered permissible
with extrafoveal macular edema and detectable source of the leakage in fluorescein
angiography. The European Retinal Society EURETINA recommendation continues
to recommend ETDRS-style focal RPC for distinct microaneurysms. Other rela-
tive indications include DME with central retinal thickness <300 wm or eyes with
persisting vitreomacular adhesion (similar results are obtained with anti-VEGF or
RPC) [27]. While LPC has been now largely relegated to rescue therapy, long-term
studies of anti-VEGF use for DME show that LPC continues to be necessary in
nearly half of all DME eyes to obtain final control and elimination of DME [81, §82]
(Fig. 5.11).
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A

Fig. 5.11 A, B, C Images of the fundus (color photograph and fluorescein angiography) after focal
(A), grid (B) and mixed type (C) of laser photocoagulation
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Subthreshold Laser Treatment

Over the years there has been a trend toward decreasing treatment intensity and
increased treatment density to reduce the adverse effects of retinal laser associated
with LPC, and to improve effectiveness [83]. This has been described as “subthresh-
old” treatment because the laser spots are less visible than those of conventional
ETDRS LPC [33]. Subthreshold laser treatments extend from those still clearly
producing LPC lesions, to treatment entirely non-damaging to the RPE and neurosen-
sory retina. Thus, absent a qualifier denoting the means of lesion visualization, “sub-
threshold” has little meaning. Any laser treatment resulting in any degree or frequency
of LIRD continues to share all of the adverse effects, potential complications, and
limitations of conventional LPC. Only treatment reliably sublethal to the RPE is
different, without adverse effects or treatment limitations and working on the retina
directly, rather than indirectly to maximize clinical effectiveness [28].

Subthreshold treatment has been attempted by simply reducing the intensity of
LPC and by employing short-pulse CW laser modes such as the pattern scanning
laser (PASCAL), selective retinal therapy (SRT), and nanosecond laser (2RT). There
are just a few clinical reports analyzing PASCAL efficacy in the treatment of DME.
Hamada et al. analyzed the outcome of PASCAL applications in 10 eyes with DME
[84]. Significant mean reduction of CST was noted at six month’s post laser with total
resorption of edema in four eyes and stabilization of BCVA. On the other hand, the
study comparing effects of treatment of DME with PASCAL laser in suprathreshold
versus PASCAL mode in 23 patients proved similar functional and morphological
improvements in both modes [85]. Therefore, confirmation of PASCAL efficacy and
superiority over classic LPC requires further clinical trials.

The first large clinical trial on efficacy of SRT in DME was conducted in 2010
[86]. Results were analyzed in 60 eyes with CSME. For the treatment of DME
Nd:YLF 527 nm laser was used with pulse duration of 1.7 s and 100 Hz frequency.
In each case 30 laser spots were applied of 210 pm diameter and energy at 200—
325 wJ, depending on the power titration outcome. Improvement or stabilization
of BCVA was noted in 84% of cases 6 months post-treatment, however significant
CST reduction or reduction of leakage on FA was not observed. Another study was
conducted in Korea on 21 eyes with DME [87]. Authors reported similar results:
BCVA improvement by 1-2 ETDRS lines was noted in 41.2% of patients at six
months, however again without significant mean reduction of CST [88]. On the
other hand, Yamamoto et al. showed significant reduction of CST and stabilization
of BCVA in a small group of 22 eyes with DME [89]. As can be seen, scarce clinical
material on SRT in DME provides moderately optimistic data. It has to be stressed,
that so far commercial lasers of that type are not available, so research has to be
conducted in specialized clinical research centers.

Nanosecond lasers, mainly 2RT laser, are applied very seldom in the treatment
of DME. That fact limits also the number of published results of clinical trial with
the use of that laser in DME. Pelosini et al. analyzed effects of treatment of 28 eyes
with the use of 2RT laser (532 nm Q-switched), which generated 3 ns pulse of 1 pJ
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energy [90]. Results were similar to those achieved with the SRT laser: significant
improvement of BCVA was noted at six months (from 20/44 to 20/27), however
without morphological improvement. Moreover, comparison between 2RT laser and
classic LPC on a small clinical trial (17 and 18 eyes) did not bring unequivocal results
favorizing any of the therapies [91]. In the light of these data, it is so far impossible
consider the 2RT laser as an solid option for standard care in DME.

Because the therapeutic range (TR) of LPC and the PASCAL is extremely narrow,
only 0.010 W in breadth, reliable non-damaging treatment is not possible, despite use
of various titration algorithms such as “endpoint management” (EpM). The target is
simply too small. The TR of even shorter pulse SRT is even narrower, and nanosecond
laser has no TR as it is simply photodisruptive to the RPE [28]. Each has been
shown to be effective for treatment of DME, although generally not as effective as
LPC or anti-VEGF drug therapy [92]. The LIRD associated with short pulse CW
and nanosecond or microsecond laser necessitates limitation of treatment density
and prohibits foveal treatment, limiting potential treatment effectiveness. Because
the PASCAL, SRT and 2RT result in ablation of the RPE with little affected and
surviving tissue at the margins of the laser spots to mediate the therapeutic effect,
the therapeutic effects of these lasers are primarily mediated indirectly by the stress
of wound healing accomplished by sliding of the RPE and outer retina to fill the
voids left by the laser spots, rather than direct laser stimulation of the RPE for HSP
activation. Thus, the therapeutic effects of short pulse lasers are necessarily attenuated
[28, 33].

Micropulsed laser have been used extensively for subthreshold treatment of DME
as well. Their clinical behavior ranges from LPC, to treatment entirely sublethal to
the RPE, depending upon the laser parameters used. Use of visible wavelengths and
pulse frequencies (“duty cycles”, DC) above 5% narrow the TR and increase the risk
or even likelihood of LIRD [17, 28]. Early in the experience with SML high DCs of
15% or more were used because the intent was to cause LIRD, thought at the time
to be necessary for effective therapy [93]. It is now known that LIRD is simply an
adverse event to be avoided, leading to the preference for a 5% DC to prevent LIRD
[33, 94].

There have been many studies of SML for DME. Reviews and meta analyses of
SML find it as effective as RPC for DME, but with better visual results [25]. Inan LCT
comparing high-density SML to conventional LPC and low density SML for DME,
Lavinsky and associates found high density SML most effective at reducing macular
edema, with visual results comparable to anti-VEGF therapy [95]. No difference
in effectiveness has been found based on laser wavelength [96, 97]. A number of
studies have shown that the addition of SML to drug therapy can reduce the number
of injections needed to manage and eliminate DME [17, 98].

It is key to remember that drugs act quickly, but are short-lived. Thus, even for
LPC, the long term benefit of drug therapy over anti-VEGF injections shows little
final difference, with LPC being better at reducing macular thickening, while drug
therapy produces better visual results. This is attributable to the absence of retinal
damage and inflammation with drug therapy. So far published longer term studies
of SML and anti-VEGF therapy for DME show no long term advantage to drug
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therapy. Thus, anti-VEGF therapy in DME may best be employed in the short term
to improve visual acuity, while long-term reduction and eventual elimination of
DME can be accomplished with SML. By so doing, the treatment burden, already
heavy in diabetics, can be minimized without sacrificing long-term visual results
[17,24, 81, 99].

As noted, the effects of micropulse lasers can range from full-thickness LPC to
treatment sublethal to the RPE, depending upon the laser parameters employed. Low-
intensity/high density subthreshold micropulse laser is a specific use of micropulse
lasers that is designed to be reliably non-damaging to the RPE (“low-intensity”)
while maximizing the clinically effectiveness of treatment by confluent treatment
of large geographic areas of dysfunction retina (“high-density”). Like drug therapy,
but unlike all other modes of retinal laser treatment, the safety of SML allows direct
laser treatment of the fovea (although it has to be noted that this form of treatment
is not directly recommended by the manufacturers of the laser equipment). As the
central fovea is commonly involved with DME and the most visually sensitive area,
the ability to directly address the fovea is a great potential advantage in disease
management. Most significantly, the safety of SML allows early and preventative
treatment for DME, allowing treatment before the development of visual loss to
preserve, rather than attempt to restore, excellent BCVA. With SML, it is not neces-
sary to wait for DME to worsen sufficiently to justify the risks and adverse effects
of either LPC or intravitreal injections. Once this occurs, permanent visual loss may
occur. SML can be used to treat eyes with center-involving DME and 20/20-20/40
vision safely to significantly improve both BCVA and macular thickness to avoid
visual loss, progression, and the need for subsequent intravitreal injections [34].

The Table 5.7 presents most important of them analyzing at least 30 cases in the
SML group.

Apart from general principles of SML action described in the chapter on “Neu-
roprotection”, it is worth mentioning that SML applied in DME not only opti-
mizes the RPE function, but also improves retinal vascularity. Studies by Vujosevic
et al. provide reliable data on significant decrease of FAZ area and microaneurysms
observed in OCT-angiography measurements [87, 88]. Additionally, improvements
are noted in biomarkers of inflammation (hyperreflective foci) and disorganization of
retinal inner layers [123, 124]. Interesting study by Ueda et al. proved also decrease
in entropy at the level of RPE in DME patients treated with SML, diagnosed with
polarized-sensitive optical coherence tomography [125]. These findings may add to
understanding of mechanism of SML action on retinal cells in DME (Fig. 5.12).

Despite what is known, areas of controversy remain:

threshold values of the amount of CST or BCVA for patient’ eligibility for SML
the range of SML treatment—Ilocal versus panmacular

time interval between the SML sessions

algorithms for combined SML-anti-VEGF treatment

the choice of laser wavelength (577 or 8§10 nm).

Research shows that amount of retinal edema measured by CST parameter affects
SML efficacy. Mansour et al. report, that SML is effective in cases of DME <400 pm.
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A

Fig. 5.12 A, B, C Examples of successful SML treatment of DME (SD-OCT images). Significant
reduction of central subfoveal thickness and number of intraretinal cysts is noted post-treatment
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Fig. 5.12 (continued)

Other authors followed that rule in their studies, adopting threshold values of CST
below 400 pm to determine eligibility for SML treatment [71, 72, 122]. Citirik
reported significant efficacy of 577 nm SML in DME patients with CST < 300 pm,
however the study analyzed only recurrent DME after anti-VEGF treatment. It can
be argued that worse disease is always less responsive to treatment, and takes longer
to respond to treatment. Thus, Luttrull et al. use the BCVA criteria to determine
patient’s eligibility for SML rather than macular thickness to determine whether
to start treatment with SML, or anti-VEGF, starting DME treatment with laser in
patients with BCVA at 20/50 or better. Only if the BCVA is poor and/or there is a
need for rapid visual improvement is treatment started with anti-VEGF. Once BCVA
is improved, SML is used to achieve lasting control and elimination of DME [68].
Obviously, as the target of SML always remains the RPE, the RPE condition has
to be also taken into consideration when choosing the treatment option for DME as
confirmed by the study by Isik et al. [126].

It has to be noted, that SML can provide morphological and functional improve-
ment in patients with good BCVA [34]. As noted above with regard to foveal treat-
ment, this creates a space for SML application within commonly accepted algorithms
for DME treatment. According to AAO guidelines, patients with BCVA at > 0.63
(20/25 and better) do not benefit from initial anti-VEGF injection alone versus LPC
or observation. Such eyes are thus excellent candidates for SML [127].



5 Lasers in Diabetic Retinopathy

101

Table 5.8 Examples of SML protocols used in published clinical trials. All protocols employ DC

of 5%
Wavelength innm | Power inmW | Laser spot Impact time in | Possible range
diameter at the seconds
retina in pm
577 250-300 160-180 0.2 SD-OCT based
edema area
Panmacular
577 425 500 0.3 Panmacular
810 1400 200 0.15 Panmacular
810 1700 500 0.3 Panmacular

Protocols for SML treatment for DME and used in different clinical trials are
presented in Table 5.8. All of them employ duty cycle (DC) at 5%. They consent
with the guidelines of the LIGHT laser society, which does not recommend power
titration for laser power adjustment [94].

In the early days, SML spots were applied in confluent mode at the whole area
of retinal edema demonstrated by contact lens examination or OCT. In recognition
that DME is simply a local manifestation of a generalized retinopathy, panmacular
treatment is now routine. This further recognizes that the key to clinical optimization
of SML is treatment area and density. One cannot overtreat, one can only undertreat.
Thus, the whole posterior pole area within the vascular arcades is treated. In eyes
with significant extramacular retinopathy, consideration should be given to SML
peripheral retinal treatment as well, to reverse the retinopathy and reduce production
of VEGF, etc., that drive retinopathy and maculopathy worsening—much the same
as is accomplished by intravitreal injection [94].

SML (absent LIRD) can be repeated as needed. The time course of response
suggests waiting at least 3 months to repeat treatment [99, 128]. If improved, obser-
vation can continue as progressive improvement for up to 2 years is not uncommon
after a single treatment session.

The most popular wavelength used for SML treatment of DME is 577 nm, with
810 and 532 nm laser used less often. Available comparative studies do not favor
any of this modes. Any laser mode or wavelength may be effective, as all share the
reset mechanism of action. However, safety strongly favors longer wavelengths. For
example, 577 nm is 4 times as energetic as 810 nm and has twice the absorption in
the RPE. Thus, the therapeutic (safety) range of 577 nm is 8 times narrower than
810. For 532 nm, the TR narrowing is far more. Narrowing of the TR increases
the risk that eye-specific variations such as pigmentation, media opacity, and retinal
treatment location may result in treatment that is either damaging (above the TR) or
ineffective (below the TR) [17, 28, 94, 96, 97].
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Combined SML and Anti VEGF Treatment

As noted, an interesting therapeutic option for the patients with DME emerges while
combining the SML with anti-VEGF injections. So far just a few studies analyzing
that issue were published. Results are provided in Table 5.9.

Despite various study designs, published results of the studies on combined treat-
ment in DME share some common features. Generally, adding SML to anti-VEGF
therapy allows to reduce the number of required intravitreal injections with similar to
anti-VEGF monotherapy functional and morphological outcome [139]. Thus, such
combination improves patient’s comfort and diminishes the financial burden for the
health-care system.

Nevertheless, it has to be pointed out that the material on the subject is scarce and
conclusions have to be drawn with caution. This is because the treatment approaches
and laser parameters in SML studies tend to vary widely, generally reflecting the
preference of specific surgeons. So far only 810 nm SML tends to become a first
uniform treatment, employing identical laser parameters, treatment field (panmac-
ular), and number of spot applications (400 for a 500 pm spot size) in every eye.
In most of the published studies, clinicians start treatment with the loading dose of
intravitreal injections followed by the SML.

Complications of PRP and Focal Laser Treatment

1. Pain
Pain symptoms are experienced by a significant percentage of patients under-
going LPC (up to 80%), mainly with panretinal photocoagulation [140, 141].
The source of the pain is probably the posterior ciliary nerves, so it is generally
most pronounced in the 3:00 and 9:00 meridians. Continuous wave (CW) 810
nm laser, because it penetrates more deeply, is generally painful even before
producing a visible burn. The discomfort is greater when more burns are made,
more power is used, and the far periphery where the retina and choroid are thinner
are treated. Multispot laser for PRP significantly reduces patient’s perception of
pain and enables completion of a full PRP at a single session, however by some
is regarded as less effective [47, 48].

2. Subretinal hemorrhage
They are rare, but may occur in the presence of significant vascular prolifer-
ation. This complication was more common with CW krypton or diode lasers
[142, 143].

3. Visual field constriction
The reduction of the field of view is assessed as 40-50% loss after full classical
panretinal photocoagulation [144, 145]. In practice, however, this does not mean
significant restrictions in everyday functioning (less than 20% of patients lose
their driving license for this reason) [146, 147]. In the case of multispot laser
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therapy, the changes in the field of view are smaller, if fewer and/or smaller spots
are placed [55].

Disturbances in the quality of vision

A decrease in the contrast sensitivity of the retina is noted after PRP. In the case
of laser therapy in the macular area, scotomas may appear in the visual field, or
there may be a decrease in visual acuity in the case of the photo-coagulation spot
located too close to the fovea. Other visual quality disturbances include reduction
of the range of accommodation due to damage to the long posterior ciliary nerves.
Moreover, patients may experience transient photophobia, moderate nyctalopia
and disturbances in color vision in the blue spectrum [148— 150].

Secondary choroidal neovascularization (CNV)

A less common that occurs after photocoagulation in the macular area using
small burns, such as 50 wm, and too much laser power. Bruch’s membrane
ruptures occur and the neovascularization from the choroid follows. Treatment
of such CNV may require anti-VEGF therapy [151, 152]. Damage to Bruch’s
membrane during photocoagulation may also cause subretinal fibrosis, without
obvious features of CNV [153].

The occurrence or worsening of macular edema

Conventional panretinal photocoagulation may cause or aggravate macular
edema. For this reason, treatment of diabetic maculopathy should be planned
prior to peripheral photocoagulation or in parallel. The anti-VEGF/PRP combi-
nation therapy is effective in preventing DME in patients undergoing panretinal
photocoagulation. Sometimes anti-VEGF therapy is used before intensive
photocoagulation is performed [154, 155].

Preretinal fibrosis

Glial proliferation in the epiretinal membranes (ERM) happens after intensive
photocoagulation, especially with excessive laser powers. Preretinal glial growth
is visible primarily after photocoagulation in the macular area. The resulting
membranes tend to shrink, inducing traction, which causes additional damage to
the photoreceptors [156].

Deterioration of vision related to the enlargement of scars after photocoag-
ulation

Using too much power may result in the formation of large scars, which tend
to enlarge in the months or even years after the laser treatment. Laser therapy
performed too close to the fovea may lead to deterioration of vision: decrease in
BCVA and permanent scotoma formation [157] (Fig. 5.13).

Choroidal detachment

This occurs rarely, after very intense photocoagulation [158].
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Fig. 5.13 Signifcant
enlargement of scars post
RPC performed in the
macular area

Complications of SML Treatment

Note that all of the above complications of conventional LPC are precluded with
SML. Correctly done, SML peripheral retinal treatment has no known adverse treat-
ment effects and improves, rather that worsens, retinal and visual function [159].
Complications of SML thus follow the divergence of treatment from SML standards
toward those used for LPC.
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Chapter 6 ®
Lasers in the Treatment of Central oo
Serous Chorioretinopathy

Maciej Gawecki® and Andrzej Grzybowski

Abstract Central serous chorioretinopathy (CSCR) is a clinical entity that has been
well described in medical literature, however its etiology and pathophysiology still
remains a medical mystery. Recent advances in retinal and choroidal diagnostics have
changed approach to CSCR pathogenesis with the choroid perceived as the origin
this disorder and retinal pigment abnormalities as secondary. CSCR is nowadays
placed within the spectrum of pachychoroid diseases characterized by the increased
choroidal thickness. Moreover, the advent of OCT-angiography has enabled to assess
the potential complications of CSCR such as choroidal neovascularization, which is
detected frequently with this imaging. All these facts had an impact on therapeutic
strategies applied in CSCR. Typically CSCR is treated with different forms of laser,
starting from classic photocoagulation (LPC), through subthreshold micropulse laser
(SMPLT) and ending at photodynamic therapy (PDT). The therapeutic target of
each of these procedures is different, thus the stage and type of CSCR has to be
considered before initiation of therapy. LPC is nowadays used in selected cases
with single extrafoveal leak. SMPLT as a cheap and safe form of treatment is used
commonly in simple CSCR cases, while PDT is preferred in complex and long-
standing forms of CSCR. The timing of application of treatment is still a question
of debate, however there is a rising body of evidence that early treatment provides
better functional results. The chapter contains analysis of available diagnostic and
therapeutic modalities used for CSCR with the emphasis on its efficacy in real life
studies. Therapeutic questions and dilemmas are presented and discussed, together
with the proposed parameters for laser techniques in that entity.
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Central serous chorioretinopathy (CSCR) is a relatively common clinical entity that
has been quite well described in medical literature. Nevertheless, CSCR etiology
and pathomechanism still remains a medical mystery with new pathogenic theories
constantly proposed by the researchers.

Incidence

It has been proven that CSCR affects predominantly males, what has been reported in
many studies. Kitzmann et al. reported annual incidence of CSCR at 9.9 per 10,000
individuals for men and 1.7 per 100,000 for women [1]. Less apparent dominance of
males in that group was reported by Spaide [2] (2.6:1) and Tittl [3] (2.7:1). For many
years it was believed that CSCR affects very young people. Today the average age
of CSCR patients is slightly higher than previously thought. In mentioned Spaide
study it was reported at 51 years and Tittl provides the number of 49.8 years. CSCR
is also reported in number of older individuals, what implies the need for differential
diagnosis with neovascular form of AMD (nAMD) [4].

Risk Factors

There has been large genetic research on predispositions for incidence of CSCR,
however results are not yet clear and conclusive. Some reports show relevance of
occurrence of CSCR to different variants of complement factor H gene [5, 6] or C4B
gene [7]. For many years CSCR was associated with specific type of personality (type
A), characterized as highly ambitious, anxious, proactive and rigidly organized [8].
Modern studies however not always find such relationship [9]. Occurrence of CSCR
was commonly connected to high level of chronic stress or single stressful episodes
as well as sleeping disorders and working on shifts [10-12]. Spahn et al. report higher
level of stress a few weeks before the onset CSCR [13]. Controlled studies of CSCR
patients show the higher levels of psychological problems and chronic anxiety when
compared to healthy individuals [14-16]. Generally, results of most of the studies on
CSCR indicate the connection between the level of stress and occurrence of CSCR,
however still there is a lack of research that would quantify that.

The best recognized external factor triggering CSCR is the intake of steroids,
especially systemic. Haimovici et al. report odds to ratio for occurrence of CSCR in
patients taking systemic steroids at 37:1 [17]. There are also numerous reports on
CSCR diagnosed after topical use of steroids ex in inhalation, intraarticular injections
or dermatological ointments [18-20].

Disturbances in the level of endogenous corticosteroids may also play part in
CSCR etiopathogenesis. There are a few facts that support that theory. Patients
with chronic active form of CSCR were reported to have higher levels of endoge-
nous corticoids: androsterone, estron, etiocholanolone and androstenedione [21].
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(Interestingly, some research show that A type personalities have upraised levels of
endogenous corticoids in plasma [22].) A developed hypercortisolemia i.e. Cushing
syndrome is associated with the risk of CSCR episode [23, 24]. Alterations in the
levels of endogenous corticoids are also most likely to cause CSCR episodes in third
trimester of pregnancy [25, 26]. Analysis of those reports resulted in a proposal
of “mineralocorticoid pathway” theory of CSCR pathogenesis, which is discussed
further [27]. Risk factors of CSCR brought up less frequently are cardiovascular
diseases (arterial hypertension or coronary disease) or the presence of Helicobacter
Pylori in digestive tract [28—-30].

Different Concepts of CSCR Pathomechanism

It is important to perceive different theories of CSCR pathogenesis as their under-
standing determines the rationale in application of different therapeutic strategies,
including different forms of laser treatment.

Retinal Pigment Epithelium (RPE) Dysfunction

First concepts of pathomechanism of CSCR referred to impairment of the function of
the RPE as the main source of fluid accumulation under the sensory retina (subretinal
fluid—SRF). Altered metabolism of the RPE cell resulted in deficiencies in the
active transport through the RPE and poor elimination of the SRF [31-33]. Modern
pathogenetic concepts concentrate rather on the alterations in the choroid and treat
lesions of the RPE as secondary.

Choroidal Dysfunction

Introduction of indocyanine green angiography (ICGA) into diagnostics of CSCR
shed a new light into its pathology. ICGA performed in patients with CSCR
revealed increased choroidal vessels permeability visible as areas of hyperfluores-
cence starting from intermediate phase of the angiogram [34]. Later on, visualization
of the choroid with enhanced depth of imaging OCT (EDI-OCT) or swept source
OCT (SS-OCT) enabled to assess various choroidal alterations, such as increased
choroidal thickness, widening of choroidal vessels in Haller layer and defects in the
inner choroid [35]. On the other hand OCT-angiography (OCTA) showed impaired
perfusion on the level of choriocapillaris [36, 37]. Loss of choriocapillaris in the
course of chronic CSCR explains the morphological and functional retinal impair-
ment [38]. Deficits in the nutrition of outer retinal layers in the long-term results in
the loss of the RPE cells and photoreceptors.
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Choroid Morphology Abnormalities

Modern approach situates CSCR within the spectrum of diseases in which increased
choroidal thickness is noted and described as pachychoroid. Other clinical enti-
ties belonging to that group include pachychoroid pigment epitheliopathy (PPE),
pachychoroid neovasculopathy (PNV), polypoidal choroidal vasculopathy (PCV),
focal choroidal excavation (FCE) and peripapillary pachychoroid syndrome (PPS).
Common features of that disorders include focal or generalized increase in choroidal
thickness, widening of large vessels in Haller’s layer, thinning of overlying medium-
sized vessels of Sattler’s layer and thinning of choriocapillaris, sometimes accom-
panied by deficits in neighboring RPE cells. Theoretical scenario of evolution of
morphological changes in CSCR could be described as follows: dilation of large
choroidal vessels—pressure on medium size choroidal vessels and choriocapillaris—
loss of small vessels and impairment of perfusion—loss of RPE cells and photorecep-
tors and/or neovascularization as a result of ischemia. In case of CSCR this sequence
is accompanied by increased permeability od choriocapillaris (visualized on ICGA),
excavation of fluid outside the vessel lumen and its penetration to subretinal space
(well visualized on SD-OCT scans) (Fig. 6.1).

Mineralocorticoid Pathway

Analysis of the relationship between the occurrence of CSCR and intake of steroids
resulted in research on alterations of the levels of endogenous corticoids in patients
affected by CSCR. The “mineralocorticoid pathway” theory assumed upregulation
of receptors for mineralocorticoids, also present in the choroid, in patients with
CSCR. In consequence of hyperactivation of these receptors, retention of water in the
choroid occurs, resulting in the increase of hydrostatic pressure in choroidal vessels.
Subsequently, fluid leaks from choroidal vessels and penetrates under sensory retina.
This concept remains in consent with the description of symptoms in pachychoroid
spectrum of diseases, where significant widening of the vessels in Haller’s layer is
observed [39]. The theory explains also the presence of symptoms from other organs
that express mineralocorticoid receptors (cardiovascular system, brain, kidneys) that
are noted in CSCR patients. Patients in whom CSCR occurs are at higher risk of
cardiovascular events, hypertension and personality disorders [29, 40, 41]. Thera-
peutic consequences of accepting such pathomechanism of CSCR could be the use
of mineralocorticoid receptors inhibitors, which will be discussed further in that
chapter.
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A

Fig. 6.1 Increase in choroidal thickness in the course of CSCR

Clinical Picture, Diagnostics and Classification

Typical episodes of CSCR result in moderate decrease in best corrected visual acuity
(BCVA) and decrease in the quality of vision, including metamorhopsias, scotomas,
lower contrast sensitivity and hypermetropisation. In long-standing or recurrent cases
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significant visual impairment might be noted, with low BCVA and permanent deficits
in visual field.

Classification

Classification of CSCR is evolving constantly with emerging modern knowledge
on that clinical entity. Traditionally CSCR has been divided into acute and chronic
cases, depending on its duration. Usually, the threshold of 4-6 months was adopted to
classify acute and chronic cases. More complex classification system was proposed
by Daruich et al. [42]:

e Acute CSCR—self-resolving serous retinal detachment (SRD) within 4 months
from the onset.

e Non-resolving or persistent—acute CSCR with duration longer than 4 months.

e Recurrent CSCR—acute CSCR after previous episode with total resolution of
SRD.

e Chronic CSCR—widespread RPE alterations with or without SRD and with or
without active leakage sites.

e Inactive CSCR—history of acute CSCR but without SRD on examination.

The most recent classification of CSCR as well as its diagnostic criteria were
proposed by Central Serous Chorioretinopathy International Group in 2020 [43]. It
combines presentation of CSCR on multimodal imaging with duration and presence
of recurrences of the disease as well as complication by choroidal neovascular-
ization (CNV) (nowadays sometimes term macular neovascularization - MNV is
used).

Detailed classification of Central Serous Chorioretinopathy International Group
is presented at Fig. 6.2.

The main two criteria for recognition of CSCR (both necessary) are as follows
[43]:

(1) the presence or documented evidence of previous SRD involving the posterior
pole unrelated to other diseases or drug intake, tractional maculopathy, retinal
vascular disorders, optic pit, choroidal nevus or macular neovascularization due
to other causes and

(2) atleast one RPE alteration on fundus autofluorescence (FAF), SOCT or infrared
imaging.

Minor criteria (at least one necessary) include:

(1) mid-phase areas of hyperfluorescence on indocyanine green angiography
(ICGA);

(2) 1 or more focal leaks on fluorescein angiography (FA);

(3) subfoveal choroidal thickness (SFCT) >400 pm.
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Fig. 6.2 New proposed classification of central serous chorioretinopathy using multimodal
imaging. CNV—choroidal neovascularization; DA—disc area; ELM—external limiting membrane;
EZ—ellipsoid zone; ONL—outer nuclear layer; PED—pigment epithelial detachment; RPE—
retinal pigment epithelium; SRF—subretinal fluid

The major novelty of recent classification of CSCR is a division into simple and
complex cases, basing on the extent of RPE alterations. In case they are larger than
2 disc areas (DA) the CSCR is classified as complex [43]. Further divisions include
the primary, recurrent or resolved subtypes. The persistent cases are recognized if
SRF is present for more than 6 months [43].

This modern division abandons older classification into acute and chronic cases,
as it does not reflect complexity of this disease and does not evaluate the possible
morphological impairment visible sometimes at the beginning of the course of CSCR.

Diagnostics

As can be seen from the principles of the recent classification, CSCR is a clin-
ical entity that requires multimodal diagnostic approach. Proper diagnostics is also
important if referred to different forms of laser treatment applied in that disease.

Fundus Autofluorescence

FAF together with SD-OCT is a simple and non-invasive diagnostic test performed
in CSCR at the beginning of diagnostic process. It bases on the autofluorescence of
photopigments and lipofuscin detected at the eye fundus. Acute and simple forms
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of CSCR with active leakage on FAF present with areas of hypofluorescence in
the place corresponding to SRD. After SRD resolution FAF pattern may return to
normal or, in chronic forms, present a very characteristic picture. In such cases FAF
image reflects RPE alterations and accumulation of not metabolized fluorophores
of photoreceptors both at the level of RPE and sensory retina. Such images show
areas of hypoautofluorescence referring to RPE deficits, geographic in shape areas of
hyperautofluorescence referring to the actual or past presence of SRF (“gravitational
tracks”) and areas of punctate hyperautofluorescence. In resolved cases devoid of
SREF, typical pattern of “gravitational tracks” enables to differentiate CSCR with
other retinal disorders, such as dry AMD (Fig. 6.3).

Fig. 6.3 A, B Color fundus photographs and FAF images of “gravitational tracks” observed in
chronic CSCR
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SD-OCT/SS-OCT

SD-OCT is a main tool for assessing activity of CSCR in the form of SRF. Typi-
cally, the fluid is located under the sensory retina, however in long-standing cases
intraretinal cysts are also noted. SRF is a hallmark of active process and is found in
both acute and persistent cases.

SD-OCT provides also information on the duration of the disease as well as amount
of retinal impairment. Acute cases are characterized by elongation of photoreceptors
detached from the RPE and visible at the roof of fluid cavity. In persistent cases
photoreceptors are shed and phagoticised by macrophages and visible as debris in
the form of hyperreflective granules on the inner side of the fluid cavity. This hyper-
reflective dots refer to hyperautofluorescent foci on FAF images. In long-standing
cases retinal thinning is also typical. That is especially apparent in resolved forms of
CSCR, where measurements of the thickness of individual retinal layers are much
easier and provide consistent values. Alterations of the RPE present in the form of
hyperreflective pigmentary foci in the sensory retina and deficits in the outer retinal
layers including the RPE.

The retinal pigment epithelial detachment (PED) is also a quite common finding
in CSCR, especially in chronic cases. It can be localized within the SRD or outside
the SRD area [44]. Numerous PEDs are characteristic for complicated and atyp-
ical forms of CSCR formerly named as diffuse decompensation of the RPE. Cases
complicated by CNV present with symptoms typical for different forms of CNV
with the predominance of type 1 and mixed type. The SD-OCT maps reflecting the
areas of the presence of SRF can be used as guidance for performing subthreshold
micropulse laser treatment.

SD-OCT with enhanced depth imaging (EDI) or Swept Source SOCT (SS-SOCT)
provide images of the choroid and enable assessment of its thickness and morphology
of vascular layers. Increased subfoveal choroidal thickness (SFCT) is a hallmark of
pachychoroid disease, including CSCR. Additionally widening of vessels at Haller
layer can be observed, as well as pressure of dilated large vessels on the medium size
vessels and choriocapillaries [45]. Changes in vascular morphology of the choroid
after treatment correspond to efficacy of applied therapy. It has to be remembered
though, that choroidal thickness varies according to age, gender and axial length
(refractive error). These facts have to be taken into account while assessing potential
SFCT increase (Fig. 6.4).

Angio-OCT (OCTA)

Introduction of OCTA to diagnostics of CSCR provided additional information on
two important subjects: the presence of macular neovasacularization and disturbance
in choroidal perfusion. CNV (MNV) occurs in CSCR as its complication and OCTA
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Fig. 6.4 A, B SD-OCT in acute (A) and chronic (B) variant of CSCR. Picture A presents elongation
of photoreceptors and increased retinal thickness. Case on picture B shows small amounts of SRF,
hyperreflective granules within the fluid cavity, retinal thinning, and cystoid changes in neurosensory
retina

proved that this event is not rare (the subject is discussed in detail further on). Angio-
OCT shows details of vascular network of CNV and makes diagnosis simpler [46].
CNV occurs in complex cases of CSCR, where the fluorescein angiography images
present a variety of symptoms overlapping each other [47]. That hinders the recogni-
tion of the leakage and visualization of CNV. Disturbances of perfusion at the level
of choriocapillaris are also visible on OCTA images in the course of CSCR. Angio-
OCT detects areas of signal void that correspond to impairment of blood flow [48,
49]. Extent of that finding can be referred to visual impairment noted in the course
of CSCR (Fig. 6.5).
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Fig. 6.5 A, B OCT-angiography of MNV in the course of CSCR (A) and in resolved case of CSCR
(B). Scan A presents small CNV located under the RPE at the edge of subretinal detachment. Scan
B visualizes area of signal void at the level of choriocapillaris referring to impaired perfusion after
the episode of CSCR

Fluorescein Angiography (FA)

FA has been a main diagnostic tool for CSCR for a few decades, however nowadays
it should be accompanied by other modalities. Simple forms of CSCR on FA present
typically as single or several leakage points with just minor changes in the RPE,
visible usually as “window defects”. Normally leakage sites on FA are visible as pin-
point spots of hyperfluorescence that increase in size and intensity with time to adopt
the “ink-blot” pattern. However, in around 14% of cases leakage adopts the shape
of “smokestack” [50]. In mid- and late phases of angiogram the dye accumulates in
the SRD space, what is visible as a diffuse circular hyperfluorescence (pooling). The
areas of PED present as sites of intensive dye pooling with round or oval shape. They
are clearly visible from the early phases of the angiography and their hyperfluores-
cence increase in intensity in later phases. Complex variant of CSCR is characterized
by multiple leakage points, sometimes very indistinct and similar to symptoms of
staining rather than leakage, areas of PED and extensive defects in the RPE of vari-
able depth. The actual activity of the disease has to be evaluated with the help of
SD-OCT as on FA the presence of clear leakage and SRF is sometimes difficult to
be stated. FA for many years was the most important landmark for qualification of
CSCR for classic laser photocoagulation. It is also helpful in diagnosis of choroidal
neovascularization that complicates CSCR in solid percentage of cases (Fig. 6.6).
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Fig. 6.6 A, B Fluorescein angiography in acute (A) and chronic case of CSCR (B). At the photo-
graph A a clear leakage in the form of smokestack is visualized. In picture B FA reveals a variety
of symptoms including areas of minor leakage, staining and window defects. The activity of the
disease is difficult to assess without the SD-OCT

Indocyanine Green Angiography (ICGA)

Indocyanine green angiography is not performed in CSCR on standard basis, never-
theless it visualizes choroid, where the source of pathology is located [51]. There are
a few features of the ICGA characteristic for CSCR. In early phase altered filling of
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choriocapillaris often persisting to late phase is noted. In mid-phase, typical ICGA
image shows placoid areas of hyperfluorescence, which represent increased perme-
ability of the choriocapillaris and subsequent leakage of the dye outside the vessel
lumen [52]. That symptom might persist in the late phase or vanish due to dye wash-
out. In the mid-phase phase dilatation of large choroidal vessels, which is typical
for the pachychoroid spectrum of disorders, is also visible. Visualization of areas of
choroidal pathology with the ICGA helps in planning of treatment, especially photo-
dynamic therapy (PDT) performed in chronic cases [53, 54]. In cases complicated
by the CNV, ICGA enables to detect and assess the size of neovascular membrane in
the form of hyperfluorescent plaque. Nowadays diagnosis of secondary CNV in the
course of CSCR is confirmed more often by the OCTA than ICGA, however ICGA
still remains the most reliable diagnostic modality in controversial cases (Fig. 6.7).

Differential Diagnosis

Basic variants of CSCR have to be distinguished from clinical entities that present
with SRF sometimes with accompanying PED or retinal edema/retinal cystoid
changes [55]. CSCR complicated by CNV has to be distinguished from the entities
presenting with subretinal neovascularization. Below we present the most important
clinical entities that should be distinguished from CSCR with basic indications for
diagnostic tests required for such differentiation.

Polipoidal Choroidal Vasculopathy (PCV)

PCV is nowadays considered a form of subretinal neovascularization with branching
vascular network originating from the choroid. Generally, it occurs in older age
than CSCR and its incidence rate is the same in males and females. PCV usually
presents with variety of symptoms, one of which being SRF, but also subretinal
hemorrhages, serous or sero-sangineous PEDs and subretinal orange nodules. SD-
OCT often shows dome-shaped PED with underlying hyperreflective accumulation
with hyporeflective lumen (the polyp). ICGA reveals abnormal vascular network with
characteristic hyperfluorescent nodules referred to as polyps. CSCR rarely presents
with such flourishing image with intraretinal cysts, hemorrhagic PED or intraretinal
lipid deposits [56]. Usually ICGA determines the diagnosis, sometimes with the help
of OCTA which also presents anomalous vascular network (Fig. 6.8).
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Fig. 6.7 Increase in choroidal permeability in the course of CSCR on ICGA. Color photograph
shows chronic form of CSCR with yellowish fibrin deposits. ICGA image presents hyperfluorescent
areas corresponding to areas of leakage from choriocapillaris in mid-phase of angiogram

Pachychoroid Neovasculopathy

Pachychoroid neovasculopathy is characterized by the development of choroidal
neovascularization over the area of choroidal thickening with dilated vessels of
Haller’s layer. It was classified as MN'V-1 [57]. From definition MNV is not preceded
by any episode of CSCR. Final diagnosis is often a question of exclusion of other
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Fig. 6.8 PCV at the ICGA. Mid-phase shows typical hyperfluorescent foci referring to “polyps”
as well as branching vascular network

possible entities, especially other diseases presenting with MNV, including AMD,
myopia, angioid streaks, PCV etc. Differential diagnosis has to include available
diagnostic modalities, such as FA, ICGA, SD-OCT and OCTA [58]. Evaluation of
choroidal thickness can provide some indication and narrow search for possible
entities.
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Age Related Macular Degeneration AMD

Neovascular AMD (nAMD)

SRF is a hallmark of active neovascular AMD and it is also characterized by the
presence of MNV. It has to be differentiated from basic variants of CSCR and CSCR
complicated by the MNV. Typical forms of CSCR are usually easily distinguished
from nAMD as diagnostic tests do not reveal any presence of subretinal neovascu-
larization (SD-OCT, OCTA, FA, ICGA). Nowadays OCTA becomes the first choice,
as non-invasive procedure for exclusion of MNV in CSCR cases. Cases of CSCR
complicated by MNV are more challenging and usually require more diagnostic tests
including angiographies (FA, ICGA). MNV in AMD occurs usually in older patients
than MNV in CSCR: mean 75 years versus 57 years, respectively [59, 60]. MNV in
nAMD has usually more rapid progression and more complex presentation on FA
and SD-OCT, with subretinal hemorrhages, large areas of dye leakage and profound
disturbances of retinal architecture. NAMD patients often present with poorer base-
line visual acuity compared to CSCR patients. Presence of drusen in the fellow eye
indicates AMD. On the other hand, increased choroidal thickness on SD-OCT (SS-
OCT) and presence of typical alterations on FAF (gravitational tracks) suggest CSCR
as primary disorder.

Non-exudative Form

Non-exudative or dry from of AMD has to be distinguished from resolved forms of
CSCR. Both entities present with RPE alterations, such as foci of hyperpigmentation
and areas of RPE atrophy, however drusen are the hallmark of AMD. Resolved
cases of CSCR present with typical FAF images corresponding to the areas of fluid
presence in previous episodes. As with nAMD, the age of CSCR patients is usually
significantly lower compared to AMD patients.

High Myopia

High myopia can be complicated by subretinal neovascularization in up to 10%
of cases [61]. CSCR complicated by the MNV has to be distinguished from these
cases as well. Patients with myopic MNV present with other features typical for that
disorder, such as lesser density of the RPE and lacker cracks. Neovascularization in
high myopia has usually subacute course and takes limited area. FA reveals moderate
leakage without significant enlargement in late phases and SD-OCT rarely shows
PEDs or significant amount of SRF [62]. Moreover, choroidal thickness in high
myopia is usually significantly lower than in typical CSCR patient.
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Angioid Streaks

Angioid streaks are defects in Bruch’s membrane typically associated with systemic
diseases such as pseudoxathoma elasticum, Paget’s disease Ehlers-Danlos syndrome
and others [63]. They can be complicated by the CNV and as such have to be differ-
entiated from CSCR [64]. The differential diagnosis is based on fundoscopy, which
reveals cracks in Bruch’s membrane in a form of bilateral orange-brown bands. FAF
helps to visualize RPE defects associated with the presence of Bruch’s membrane
cracks. The CNV in angioid streaks is located in the projection of the cracks.

Dome Shaped Macula (DSM)

DSM affects patients with high myopia, in whom a large forward macular bulge is
observed on SD-OCT. Many of those patients develop neurosensory detachment in
the posterior pole, which has to be differentiated from CSCR [65]. Specific accom-
panying features of SRF in DSM include high myopia, forward protrusion of the
macula, subfoveal choroidal thickening with the thinning of remaining choroid [66].
It has to be emphasized that the incidence of CSCR in myopic patients is low due to
thin choroid (Fig. 6.9).

Optic Disc Pit (ODP)

ODP is developmental congenital anomaly presenting as focal excavation in the optic
disc (typically in inferotemporal aspect). As a consequence of connection between
vitreous cavity, subretinal space and subarachnoid space, accumulation of fluid in
the retina and under the retina occurs, nevertheless the exact mechanism is not yet
determined [67]. Frequently ODP manifests as maculopathy that resembles CSCR
[68]. SD-OCT reveals subretinal or/and intraretinal fluid typically on the optic disc
side of posterior pole. FA present with the undefined leakage under the retina without
focal leaks typical for CSCR. Moreover, grayish pit is observed on fundoscopic
examination at the disc, what determines the diagnosis (Fig. 6.10).

Ocular Tumors

Choroidal hemangioma is a benign hamartoma that in circumscribed form presents
as subretinal orange lesion with serous retinal detachment. It can be mistaken for
CSCR with flat lesions, that do not elevate the RPE much, however typically SD-
OCT shows such clear elevation [69-71]. FA does not show a focal leakage typical
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Fig. 6.9 Color fundus photograph and SD-OCT in dome shaped macula. The presence of SRF
is observed. Forward protrusion of the posterior pole and retinal thinning typical for high myopia
should be noted

for CSCR, but very indistinct leakage over the area of hemangioma. The picture
obtained with the ICGA determines diagnosis as it shows vascularity of the tumor in
the early phases with characteristic wash-out in later phases. SD-OCT with enhanced
depth imaging or SS-OCT show a very significant increase in choroidal thickness,
usually at the level of 1000—2000 pwm, which is much higher value compared to such
measurements in CSCR. The mass of the hemangioma can be also assessed by ocular
ultrasonography, which shows acoustic solidity in B-scan.

Choroidal nevi or melanomas can present with subretinal fluid overlying the
mass of the tumor and such cases, especially with the light tumor pigmentation,
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Fig. 6.10 Optic nerve pit. Color fundus photograph shows pale whitening at the temporal part of
the optic nerve head corresponding to pit cavity. SD-OCT reveals fluid localized within, not under
the sensory retina

can be mistaken for CSCR [72, 73]. In typical cases a pigmentary mass is visible
on ophthalmic examination, which triggers the need for prompt diagnostics. SRF is
visible on the SD-OCT with characteristic elevation of the RPE [74]. FA does not
present focal leakages as in CSCR but “pin-point” leakage in case of melanoma or
blockade of fluorescence in the case of nevus [75]. Additionally, ICGA in melanoma
is characterized by a mixed pattern of fluorescence in contrary to ink-blot pattern in
CSCR. Finally, B-scan ultrasonography reveals low-internal reflectivity of choroidal
melanoma and nevus, contrary to lack of echogenicity in CSCR.
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Posterior Scleritis

Posterior scleritis is an inflammatory condition which presents as idiopathic entity or
accompanies other disorders, such as herpes zoster, herpes simplex, syphilis, tuber-
culosis, rheumatoid arthritis, systemic lupus erythematosus, polyarteritis nodosa,
ulcerative colitis or Crohn’s disease. Typically, posterior scleritis occurs with SRF,
which can be confusing if only local signs are evaluated. However usually the condi-
tion is painful, contrary to CSCR. Images of FA and SD-OCT can be similar as in
CSCR (focal leaks, SRF, increased choroidal thickness). The diagnosis is determined
by evaluation of accompanying symptoms such as proptosis, hyperemia and pain and
ultrasound examination with typical T-sign [76, 77].

Vogt-Koyanagi-Harada (VKH) Disease

VKH disease is a granulomatous panuveitis that might be mistaken for CSCR due to
a few common features, including increased choroidal thickness, exudative retinal
detachment and local leaks on FA [78]. Nevertheless usually the presence of inflam-
matory symptoms, including anterior chamber and vitreous cells, and optic nerve
edema, never noted in classic CSCR, decide on diagnosis. Additionally, some of
results of multimodal imaging can be helpful in differential diagnosis. These refer to
RPE alterations seen on SD-OCT, such as RPE undulation and folds together with
internal limiting membrane (ILM) fluctuation typical for VKH disease while PEDs
and RPE hyperplasia occur rather with CSCR [79, 80]. Choroidal hyperpermeability
on ICGA is of greater extent in VKH disease compared to CSCR.

Inflammatory Diseases

CSCR is frequently misdiagnosed as posterior uveitis, what leads to use of steroids
and exacerbation of the condition [81, 82]. That includes CSCR cases with fibrin in
SRF posing as foci of inflammation or complex CSCR cases presenting with subacute
multifocal leaks and staining on FA, which is also characteristic for choroiditis.
In these patients careful examination in search for the inflammatory symptoms is
necessary. The presence of optic nerve leak, vasculitis and vitritis incline to direct
diagnostics towards inflammatory diseases [83]. The absence of such features should
prevent clinician from hasty administering steroids that worsen the course of CSCR.
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Vitelliform Lesions

Vitelliform lesions of genetic background such as Best vitelliform macular dystrophy
(BVMD) or adult onset vitelliform macular dystrophy (AVMD), as well as vitelli-
form lesions observed in the course of AMD, can present with neurosensory detach-
ment involving the macula [84, 85]. Additionally their appearance with yellowish
subretinal deposits visible at the fundus may masquerade for CSCR presenting with
fibrin in subretinal fluid. Nevertheless, the differential diagnosis is usually quite
straightforward. Vitelliform lesions do not present with focal leaks on FA, but typi-
cally block fluorescence. Additionally, they present with characteristic hyperautoflu-
orescence on FAF. Moreover, if clear SRF is present in the course of vitelliform lesion,
usually hyperreflective subretinal material is also located there, which helps in diag-
nosis. Challenging cases should also be diagnosed with EOG, which shows decreased
Arden ratio in BVMD. The age of the patient should also be taken into consideration,
especially in AVMD, which occurs in older individuals [86] (Fig. 6.11).

Macular Edema (ME) Due to Vascular Retinal Diseases

Vascular retinal diseases are rarely mistaken with the CSCR, nevertheless some forms
of diabetic macular edema or macular edema secondary to retinal vein occlusion
may produce diagnostic difficulties [87, 88]. This ME variants include cases with
subretinal fluid, visible on SD-OCT [89]. Usually cystic changes in neurosensory
retina are also observed. Diagnosis is based on the presence of characteristic lesions
visible in the retinal vascular disorders, including microaneurysm, hard and soft
exudates, and hemorrhages.

The Course of CSCR

Most of the cases of CSCR resolve spontaneously within a few months from disease
onset. Daruich et al. report 84% of cases resolving without significant deficit by
6 months [90]. This type of scenario is typical for acute or simple cases, characterized
by just one or two leakage points on FA and minor RPE alterations visible on FAF.
To the contrary, complex cases that present with multiple leakage points on FA,
areas of PED, significant deficits in the RPE and often retinal thinning, persist and
sustain a therapeutic problem. Progressing atrophy of the outer retinal layers leads
to significant visual impairment noted in cases lasting for years rather than months.

Breukink et al. report mean deficit in BCVA as 0.16 logMAR after mean 10 years
of the persisting CSCR [91]. Gawecki et al. noted BCVA drop to the level of 0.63
Snellen after mean 1.5 years of persisting CSCR [37]. Mrejen et al. analyzed a large
sample of 217 eyes with CSCR and the mean follow up of 11 years. In that group
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Fig. 6.11 Color photograph, fundus autofluorescence and SD-OCT image of the patients diagnosed
with AVMD after a few years of observation and resorption of subretinal deposits. The case might
be mistaken for CSCR

as much as 12.8% had BCVA < 20/200 in both eyes, what equals a legal blindness
[92]. The course of such long-standing cases usually involves temporal remissions
and recurrences. These occur in CSCR in as much as 50% of cases [93]. So far
there has not been determined what causes a relapse of that disease and what could
possible prevent that.

Long-standing cases have more chances to be complicated by the MNV, that
occurs usually in patients later in the sixth decade of life [59]. The reports from
the studies assessing the incidence of MNV in CSCR vary significantly in numbers
and depend very much on the diagnostic method used for detection of subretinal
neovascularization. Using angio-OCT as a diagnostic method led to detection of
CNV in as much as 39.2% of chronic cases [94]. With the use of classic methods,
such as FA and SD-OCT, reported numbers are between 2 and 9% [2, 95]. Presence
of MNYV in the course of CSCR requires differential diagnostics with other diseases
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complicated by subretinal neovascularization, mainly with nAMD and PCV. It has
to be remembered that nAMD and PCV usually affects older patients. The mean age
of occurrence of MNV in that disease is estimated at 75 years [60].

Laser Treatment of CSCR

Laser Retinal Photocoagulation - LPC

Classic laser photocoagulation has been used in the treatment of CSCR for many
years, however mechanism of its action was not fully understood. It was speculated,
that laser photocoagulation stimulates healing responses in the RPE and improves
its function as a pump, thus leading to elimination of SRF [96].

Nevertheless, recommendations for LPC in CSCR are not always clear and vary
among researchers. They have been discussed constantly since the late 1960-ties with
first recommendations formulated by Gass in 1974 [97]. Generally, LPC was recom-
mended for the selected cases with a clear leakage point located in a safe distance
from the foveal center—minimum of 375-500 pm [98, 99]. Additionally, as the
endpoint of classic LPC is a retinal scar that can result in functional scotoma, such
treatment was not undertaken in cases, where spontaneous remission of symptoms
was expected. That referred to first episodes of CSCR, when observation was recom-
mended for at least 3 months after disease onset. If the leakage point was located
within 500 wm from the fovea center, 6 months of observation was recommended
[100]. Prompt treatment was indicated only in patients who wanted to speed up reso-
lution of symptoms due to occupational reasons or in case of vision loss in the other
eye [100]. A few months waiting time was also abandoned or limited in recurrent
cases, especially if the visual impairment was noted after previous episodes. It has
been proved though, that application of the LPC shortens the course of the disease
but does not influence the final visual acuity, which is the same in patients treated and
observed [101]. Similar conclusions were drawn with application of classic contin-
uous wave laser for the leakage point the subthreshold mode, but in acute cases
[102].

Relevance of application of the LPC to location of the leakage point significantly
narrowed the number of cases eligible for that procedure. In fact, using modern
CSCR classification, we could say that only simple cases where eligible for LPC.
The location of the leakage had to be determined by FA, which was a basic mandatory
diagnostic test before performing that treatment. Large number of patients with the
central location of the leakage spot had to be excluded. Approach to complex cases
with multiple subacute leakage, numerous areas of PED and RPE alterations varied
among the clinicians. Some authors treated such clinical picture as indication for LPC
[100]. Nowadays complex and usually longstanding cases are more often treated with
PDT or non-damaging lasers rather than photocoagulated (Fig. 6.12).
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Fig. 6.12 A leakage point in
CSCR at photograph A and
B from fluorescein
angiography. Patient from
the photograph A is eligible
for LPC as the leakage point
is distant from the foveal
center. At the photo B the
leakage point is located in
the center of the macula, so
LPC is not possible

Technique

M. Gawecki and A. Grzybowski

Ciardella et al. suggest the spot size slightly larger than the leaking point, usually
200 wm. In most cases several spots are needed to achieve the effect [100]. Laser
power titration is recommended (typically starting from 100 mW) to obtain slight
gray discoloration of the retina, but not the clear white reaction. Impact duration is

usually set at 0.2—-0.3 s.

Conventional LPC for the leakage spot is carried out with the use of contact lasers
lenses for the posterior pole, such as Area Centralis by Volk or Reicher-Mainster

focal-grid by Ocular.
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Complications

Complications of the LPC results from the use of inadequate laser parameters or
placement of the laser spot too close to the fovea. Using high laser power param-
eters and relatively small spot diameter, ex. 50 pm, may result in damage to the
Bruch’s membrane and subsequent development of subretinal neovascularization.
This complication, although not frequent, leads to a significant visual impairment.
As it was emphasized before, the endpoint of the conventional laser treatment is
retinal scar. Typically, those scars enlarge with time, thus producing larger scotomas
in the visual field. If additionally, laser burn is placed close to the foveal center, (ex.
within 500 pm), the enlarged scar might cause not only visual field defect, but also
decrease in visual acuity.

Current Position of LPC in the Treatment of CSCR

LPC is still in use for the treatment of CSCR today, however we have to keep our
reservation to patients’ eligibility for the treatment. With the accessibility to non-
damaging retinal therapies, it is usually not a first choice for clinicians. Besides, many
CSCR cases with central location of the leakage are not candidates for such treatment.
Another group of patients who can hardly benefit from such treatment are individuals
with complex forms of CSCR involving large areas of posterior pole and presenting
without clear leakage points. In such cases usually treatment modalities, which enable
to cover the whole area of detected pathology are chosen. In the PDT procedure
usually the whole area of increased permeability of choriocapillaris (detected at
ICGA) is covered with one wide round spot. On the other hand, with the use of
subthreshold micropulse laser (SML) treatment we try to mobilize the large number
of RPE cells thus the panmacular protocol is employed. Interestingly, before the
onset of PDT and SMPLT, some authors suggested covering the whole area of RPE
decompensation with the spots of GRID LPC, despite lack of proof for efficacy of
such treatment in clinical trials [100].

Non-damaging Laser Treatment in CSCR

Subthreshold Micropulse Laser (SML) Treatment

SML is truly subthreshold and truly non-damaging laser therapy that does not
leave any traces in the retina. Due to its low cost and wide safety margin, it is
frequently used to treat CSCR as the first line modality both in acute and chronic
cases (simple/complex).
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Laser Wavelengths

SML is a form of laser application that can be employed with different laser wave-
lengths. Nowadays the most popular is 577 nm, but 810 nm is used with success also
and less often 532 nm. So far there are no studies that compare directly the efficacy of
application of different laser wavelengths in CSCR. Theoretical background backs
both 577 and 810 nm with 810 nm having wider safety margin [103].

Technique

The procedure is conducted under topical anesthesia, which is required as it is
conducted through the contact laser lens. Otherwise, the anesthetic is not neces-
sary due to the lack of any painful reaction from the retina. The lenses used for the
procedure are typical laser contact lenses used for focal or GRID photocoagulation,
including Area Centralis by Volk or Reichert-Mainster focal-grid from Ocular. As
in the other clinical entities involving retinal edema, SML is applied to the retina
in confluent way without spacing between laser spots. Nevertheless, the preferred
extend of treatment differs between the clinicians.
The extent of SML in the treatment of CSCR is applied in three different ways:

1. Minimal Treatment
The form of laser application based on angiographical image (FA or ICGA).
Areas of dye leakage are treated as active sites and covered with laser spots. This
form of treatment involves the smallest number of laser impacts.

2. SD-OCT based treatment
The form of laser application based on the SD-OCT imaging. The whole area of
SRF presence is treated. The number of spots is usually between minimal and
panmacular treatment.

3. Panmacular treatment
The idea of this form of therapy is mobilization of the large number of RPE
cells. The laser session includes the whole area of posterior pole within temporal
vascular arcades. This form of treatment requires the largest number of laser
spots and is preferred for the chronic/complex variants of the disease.

Possible treatment protocols have been provided by the LIGHT society [104]
(Table 6.1).

Adjusting SML power parameters remains a subject of controversy. LIGHT
society recommends treatment with fixed low power parameters, while other
researchers and equipment providers recommend power titration. It has to be stated
though, that subthreshold micropulse laser procedures are generally safe with both
approaches and cases of overtreatment are reported very seldom. SML can be
repeated without any damage to the retina. The schedule of retreatment in CSCR is
still discussed. Sometimes the retreatment schedule is adapted from the old ETDRS
protocols and in case of insufficient response, the following laser session is performed
after the period of 3 months. Other researchers recommend patient’s evaluation in
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Table 6.1 Presents examples of SML protocols used in published clinical trials

Wavelength innm | Power in mW | Laser spot Impact time in | Possible range
diameter at the seconds
retina in pum
577 250-300 160-180 0.2 SD-OCT based
edema area
Panmacular
577 425 500 0.3 Panmacular
810 1400 200 0.15 Panmacular
810 1700 500 0.3 Panmacular

SD-OCT at 6 weeks after treatment. In case of lack of response or worsening, the
second session of SML is to be performed at this control visit. In case of partial
response (reduction of SRF and CRT) the following control visit with assessment
with SD-OCT is scheduled at another 6 weeks’ time and decision of supplementary
treatment is made than [105].

SML in Chronic CSCR (¢cCSCR)

Typically, chronic forms of CSCR are treated with SML. Numerous research studies
provide good morphological results with moderate functional improvement. Most of
the published studies employ 577 nm SML, less 810 nm and just a few 532 nm laser
[106] (Table 6.2).

Evaluation of effects of SML in cCSCR has to take into account resorption of SRF
and BCVA improvement. Most of the studies report relatively high percentages of
SRF resorption, usually between 40 and 80%, but only moderate BCVA improvement
of about one line on the Snellen chart [112-115]. Complete treatment failure of
SML in CSCR is reported quite seldom. For example, study by Sousa et al. with 532
micropulse did not show any significant improvement in mean values of BCVA or
SD-OCT [116]. Nevertheless, even in that study some patients showed SRF resolution
or visual gain.

Metaanalysis of effects of clinical trials with SML in cCSCR performed by Scholz
et al. in 2017 provides the mean number of ETDRS letters improvement at 6.34
(range —15 to +20) [117]. This relatively low number and wide range of visual
gains reported in different studies, naturally incline to consider the timing of SML
application, expecting better functional results with early treatment (Fig. 6.13).

SML in Acute CSCR (aCSCR)

SML is rarely reported in short-standing and simple variants of CSCR, nevertheless
if applied, provides usually better results than in chronic forms. The results of the
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Table 6.2 Provides results of SML treatment of cCSCR in studies involving at least 30 cases

Study Laser Mean Duration |Noof | % of BCVA No of
wavelength | follow up | of CSCR | patients | cases improvement | treatments
with (logMAR)
complete
SRF
resolution
Scholz | 577 5 months | Longer 38 24 Mean 0.06 -
etal. than
[107] 6 weeks
Gawecki | 577 6 months | Longer 51 70,6 Mean 0.08 12
et al. than
[108] 4 months
Arsan 577 Minimum | Longer 39 92.3 Median: 0.4 | 1-4
etal. 12 months | than
[109] Median 3 months
follow-up:
17.82
Altinel | 577 12 months | Minimum | 39 35.9 Improvement | Median 3
etal. 4 months by >2 lines
[110] in 25.6% of
patients; no
significant
improvement
in mean
BCVA value
for the whole
group
Isik 577 11.4 Longer 58 67.2 Mean Not
et al. than 0.29-0.38 at | reported
[111] 3 months the last
follow up

studies on application of SML in acute CSCR with the number of patients exceeding
30 are presented in Table 6.3.

Gawecki et al. showed better BCVA improvement with early application of SML
in CSCR (128). Arora et al. proved superiority of SML treatment in simple acute
cases of CSCR over observation referring to BCVA and contrast sensitivity [125].
On the other hand, Zhou et al. did not confirm superiority of SML over conventional
laser in respect to BCVA and morphological outcome, however the study included
only the cases with the active leakage distant from the foveal center [127]. Authors
conclude that non-damaging character of SML makes it an important therapeutic
option for acute CSCR. Similar conclusions are provided by Sun et al. who proved
non-inferiority of SML to conventional subthreshold laser [128]. Authors emphasize,
that SML should be a choice for patients with central location of leak on FA.
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A

Extracted B-Scan

Extracted B-Scan

Fig. 6.13 Effective SML treatment in chronic form of CSCR on SD-OCT scans. Scan A shows
complete resorption of SRF in short-standing form of CSCR. No apparent disturbances in retinal
morphology are observed after resorption of fluid. Scan B presents successful treatment in chronic
form of CSCR lasting for a few years. Significant retinal thinning can be observed
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Local Complications

So far there are no reports that would indicate retinal damage after properly performed
SML. Single reports refer to overtreatment due to the use of too high laser power
parameters and resulting in increase in the amount of SRF and defects in the RPE
visible in FA [124].

SML Position in the Treatment of CSCR

The position of SML in the treatment of CSCR is yet to be determined. Its low cost
and favorable results places it in the front of other treatments, especially in simple
variants of the disease. Its superiority over PDT in the treatment of complex cases is
questionable and needs to be analyzed in the further studies.

Other Subthreshold Lasers

Similar philosophy of laser application as in SML but with different pulse duration
(15 ms) is employed in PASCAL laser with end-point management software (EpM).
So far there are just two available studies analyzing efficacy of that form of treatment
in CSCR of duration longer than 4 months [125, 126].

Authors employed the following parameters: spot diameter 200 jwm, spacing 0.25,
pulse duration 15 ms and 30% of titration resulting power. Mean BCVA improvement
at 6 months was 12 ETDRS letters and total resorption of SRF was noted in 75% of
patients; 44% of eyes required second EpM session at 3 months. The second study
reported resolution of SRF in 53.8% at 12 months and mean BCVA improvement by
4.9 ETDRS letters.

Microsecond and nanosecond lasers were also tried in the treatment of CSCR,
however so far published reports are very scarce. It has to be emphasized, that both of
these treatments target melanosomes of the RPE causing microbubble formation at
these granula and subsequent selective cell disruption. The healing process stimulates
proliferation and migration of new RPE cells, which substitute the damaged ones
and provide better metabolism at the irradiated sites [127, 128]. The whole process
is often called retinal rejuvenation.

Selective retina therapy (SRT) involves Q-switched neodymium-doped yttrium
lithium fluoride 527 nm microsecond laser. Results of this form of treatment of
CSCR were reported in several papers, with larger trials emerging just recently.
Results of the studies with more than 20 eyes are presented in Table 6.4.
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Table 6.4 Studies on PDT in chronic CSCR including more than 50 patients and at least 12 months

of the follow up

Study PDT No of BCVA % of SRF | No of No of
strategy | patients |improvement |resolution |recurrences |treatments
(logMAR)
Ruiz-Del-Tiempo | Standard | 75 +0.23 93.7 0 1-2
et al. [145]
Noh et al. [146] Standard | 52 Not reported | 100 1
Moreno et al. Half dose | 72 +0.16 100 1
[147]
Fujita et al. [148] | Half dose | 204 +0.12 89.2 12 (5%) 1-2
Hagaetal. [149] |Half dose | 79 +0.13 98-100 10 (12%) 12
Lai et al. [150] Half dose | 136 +0.21 97.1 9 (6.6%) 1-2
Tseng et al. [151] | Half dose | 56 +0.23 100 4 (6%) 1-2
Study Duration of CSCR | No of eyes Morphological Functional results
results (mean values)
Elsner et al. [129] | Acute cases 27 Total resorption of | Significant BCVA
<3 months SRF in 100% at improvement from
3 months 20/40 to 20/20 at
3 months
Park et al. [130] Longer than 50 Total resorption of | Significant
3 months SRF in 74% at Improvement of
3 months. Mean BCVA from 0.44
reduction of CRT |logMAR to 0.37
from 341.4 pmto |logMAR at
236 pm, 3 months
significant
Kyo et al. [131] Acute and chronic | 77 Significant CRT Significant BCVA
reduction from improvement from
316 t0 218 um 0.08 to 0.04
and complete logMAR at
resolution of SRF | 6 months
in 59.7% at six
months
Leeetal. [132] 3 months and 44,22—SRT | Total resolution of | Insignificant
longer group and 22 | SRF at 3 months | improvement of
control group |in 70.3% of eyes. | BCVA at 6 weeks
Significantly in both groups, but
higher percentage | significant
of SRF resolution | improvement of

in SRT group at
6 weeks (63.6%
vs. 23.8%)

contrast sensitivity
in SRT group

(continued)
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(continued)

Study Duration of CSCR | No of eyes Morphological Functional results
results (mean values)

Jeon et al. [133] Chronic, resistant | 22 Complete Insignificant

to bevacizumab resorption of SRF | BCVA

in 81.8% eyes at | improvement from
12 months; 0.49 to 0.43
significant CRT logMAR at
reduction from 12 months
323 t0221.5 pm

Kim et al. [134] 3 months and 137 Complete BCVA significant

longer resolution of SRF | improvement from

in 52.6% at 0.41 logMAR to
3 months and 0.33 logMAR at
90.5% at 6 months
6 months; CRT
reduction from
347.67 to
173.42 pm at
6 months

As can be seen from the above table, application of SRT in chronic type of CSCR
provides results similar to those observed after SMPLT. Morphological improvement
is noted in majority of cases, but functional gains are either statistically insignificant
or just moderate in numbers.

It has to be emphasized that neodymium-doped yttrium lithium fluoride (Nd: YLF)
laser is not yet commercially available in many countries, what limits its use.

Similar problems emerge with evaluation of efficacy of nanosecond lasers in the
treatment of CSCR. The Ellex 2RT nanosecond laser device is a Q-switched, green
Nd:YAG laser (532 nm) with a pulse duration of 3 ns and a spot size of 400 pm
with a speckled-beam profile. Its mechanism of action is similar to SRT with shorter
pulse duration. 2-RT laser is performed in the private sector of ophthalmological
medicine only. This fact resulted in just a couple of papers analyzing that subject.
Large study of Kaymak et al. (56 eyes) analyzed effects of 2-RT laser treatment in
CSCR with different RPE extent of damage [135]. Resolution of SRF at 12 months
was observed in 100% of eyes with minor RPE damage at baseline, but only 42.9%
of eyes with significant RPE impairment. Functional effect with improvement of
contrast sensitivity was also better in eyes with mild and moderate RPE alterations.
The second study by Funk et al. reported 91% efficacy of resolution after application
of 2-RT laser in patients without RPE atrophy [136]. Nevertheless, these results need
to be confirmed in randomized and controlled studies.
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Photodynamic Therapy

Photodynamic therapy has quite long history in the treatment of CSCR, however it
was first applied in the treatment of nAMD. The main principle of that therapy is
the employment of photosensitizer, in this case verteporfin, which after long irra-
diation with low power laser light of 689 nm produces reactive oxygen species
(ROS) that react with blood vessel endothelial cells. As a result of anti-inflammatory
response, temporary thrombosis of choriocapillaris occurs, what reduces choriocap-
illaries congestion and vascular hyperpermeability. Nassisi et al. with the use of
angio-OCT showed the significant reduction in the density of choriocapillaris at
1 week after half-dose PDT procedure in CSCR, returning to normal at 1 month after
treatment [137]. Similar transient effect in choroidal vasculature but with signifi-
cant reduction in choroidal thickness at 1 month were also noted by Alovisi et al.
[138]. Longer observation by Flores-Moreno et al. showed significant decrease in
the choroidal thickness, particularly in the choriocapillaris plus Sattler layer at 3 and
6 months after half fluence PDT [139]. Standard parameters used in PDT in nAMD
treatment include dose of 50 J/cm?, irradiance of 600 mW/cm? of 689 nm light over
83 s. These original parameters were first tried with success for the treatment of
CSCR but due to rare, but significant complications that developed, were reduced
by half. As PDT is available at the medical market for about 20 years now, many
studies on its efficacy in the treatment of CSCR have been conducted. Most of them
include chronic or long-lasting cases however PDT was also tried with acute forms
of CSCR.

PDT in the Treatment of Chronic CSCR

Results of this treatment can be analyzed according to BCVA improvement, resorp-
tion of SRF and percentage of recurrences. Results of the studies for cCSCR involving
more than 50 patients and at least 12-months of the follow up are provided in the Table
6.4. Morphological improvement defined as resorption of SRF is reported in majority
of cases of chronic CSCR. In fact, all of the studies reported resorption of SRF in
more than 70% of cases with most of the studies declaring such efficacy between
90 and 100%. Again, these numbers are given in each of the treatment strategies
applied. It has to be noted though, that consequently only moderate BCVA improve-
ment is reported, usually between 0.1 and 0.2 logMAR. Available studies analyzing
the strategy with half-fluence PDT for chronic CSCR involved lesser number of
participants, but provided similar results as with the other two strategies [140—143].
Interesting comparative analysis of results of PDT with different fluence values (30%
vs. 40% vs. 50%) was provided recently by Park et al. [144]. The largest BCVA
improvement (+0.21 logMAR), highest percentage of SRF resolution (100%) and
lack of recurrences during 12 months observation period was achieved with 50%
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Fig. 6.14 Effects of PDT treatment in chronic case of CSCR lasting 2 years (SD-OCT scans).
Despite full resolution of SRF and retinal edema, significant retinal thinning is noted

fluence. Example of successful PDT treatment of chronic CSCR is presented in
(Fig. 6.14).

PDT in the Treatment of Acute CSCR

Acute CSCR is not treated with PDT as frequently as chronic form of that disease.
Recent randomized clinical trial by Misotten et al. analyzed effects of prompt PDT
applied within a week after presentation versus 3 months observation [152]. Patients
with persistent leak at any 3 months during 12 months of the follow up, were the
subject to PDT. The BCVA at 12 months in both groups were not different with
less PDT treatments in observation group. Nevertheless, BCVA improvement was
faster in the prompt PDT cohort. Other studies analyzing effects of half-dose PDT
versus placebo for CSCR lasting <3 months favor therapeutic intervention [153-155].
Metanalysis of results of these 3 studies proves better morphological and functional
results of treated patients at 12 months [156].

Technique

Infusion of the desired dose of verteporfin is performed over 10 min. About 15 min
after start of infusion the laser is delivered through a Reichert-Mainster PDT contact
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lens, that enables maximum diameter of irradiated area at around 8000 pwm. Laser
application time is the same for all PDT procedures: 83 s. The procedure is conducted
in a dim slit lamp light and does not produce any pain. The extent of PDT in CSCR
(the irradiation area) is planned on the basis of angiographic examinations, preferable
ICGA, rarely only FA [157].

Nowadays two strategies are preferred for the treatment of CSCR: half dose
A3 mg/mz) or half fluence (25 J/cm?) with the same duration of exposure.

Complications

Complications after PDT are rare and occur with the employment of any treatment
protocol: standard protocol as used in the treatment of nAMD or protocols with
reduced laser parameters or reduced verteporfin dose. These include consequently
two main types of lesions: RPE alterations (usually atrophy, sometimes hyperplasia or
RPE rip) [146, 150, 158] and development of CNV [147, 151, 159]. Listed compli-
cations are reported in just a few studies and with minor frequency. The largest
percentage of complications was reported by Moreno et al. with the use of standard
protocol and Lai et al. for half dose PDT. The first study referred to 2 cases of CNV
and 9 cases of RPE hyperplasia noted in the cohort of 72 patients. The other one
reported 5 cases of RPE atrophy and 1 case of RPE rip in the group of 136 treated
patients. For half fluence PDT complications included just one case of CNV for a
group of 32 individuals [160].

The main side effect of PDT is increased photosensitivity of the skin due to
administration of verteporfin. That is why patients after this procedure are advised
to wear clothes with full skin coverage, hats and sunglasses for 3—5 days. Other
side effects occurring with minor frequency include irritation of eyelids, headache,
nausea or back/joint pain. Transient decrease in visual acuity is reported in 1-4%
and is less frequent with reduced exposure parameters.

PDT Versus SML in the Treatment of CSCR

Most of the published studies comparing efficacy of PDT versus SML in the treatment
of CSCR, based mostly on chronic cases, do not find statistically significant difference
neither in morphological or functional outcome. Just one large PLACE trial favors
PDT, especially in SRF resolution, however not in quality-of-life improvement.

The Table 6.5 provides a list of comparative studies on PDT versus SML in the
treatment of chronic CSCR including at least 30 patients.

We believe, that further research is needed to determine which treatment modality
is more suitable for CSCR variants according to a classification based on multimodal
imaging and baseline RPE deficits. Poor BCVA improvements in chronic cases
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Table 6.5 A list of comparative studies on PDT versus SML in the treatment of chronic CSCR
including at least 30 patients

Study Design Noof |Followup |BCVA % of SRF | No of No of
patients improvement | resolution | recurrences | treatments

(logMAR)

Van Half 67 7-8 months | +1.39 67.2 5% 1-2

Dijk dose-PDT (ETDRS

et al. letters)

(PLACE | sML 810 | 66 +4.48 28.8 13% 1-2

trial) (ETDRS

[161] letters)

Scholz | Half 58 6 weeks +0.04 21 NR 1-2

et al. dose-PDT logMAR

1621 IsML 577 |42 +0.08 36 NR 1-2
logMAR

Roca Half 67 17.4 months | +0.03 95.5 NR 1-3

et al. dose-PDT logMAR

(1631 | smL 577 | 92 15.8 months | +0.21 92.4 NR 14
LogMAR

with all treatment modalities incline also to early initiation of invasive therapies,
nevertheless the possible benefit of such approach is yet to be determined.

PDT Position in the Treatment of CSCR

PDT is frequently used in the treatment of CSCR, mainly in chronic cases. The most
commonly protocol employs half—dose verteporfin, less often half-fluence. As those
two approaches provide good results, the standard nAMD protocol is practically
out of use for CSCR nowadays. According to available data, PDT provides instant
satisfactory morphological results in overwhelming majority of cases. Also, minor
number of recurrencies is worth noting. Moreover, theoretically, it is the PDT that
answers directly to modern pathophysiological concept of CSCR with the source of
pathology located in the vascularity of the choroid.

On the other hand, the procedure is costly and involves intravenous application of
the drug, which has potential to evoke photosensitivity reactions. These properties
of PDT might be perceived as a burden, especially if compared to cheap and simple
SML. Comparative studies SML versus PDT rarely favor any of these therapies and
need to be continued to assess objectively the value of both strategies in different
forms of CSCR, especially in the light of a new simple—complex classification.
Nevertheless, in simple cases cheap SML seems to be reasonable first choice for
treatment, with PDT usually favored for complex ones.
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Other Treatments in CSCR

Different oral and topical medications are constantly tried for CSCR, most of them
without background of randomized controlled research [164]. Among drugs admin-
istered for that disorder are carbonic anhydrase inhibitors, beta blockers, antibiotics
such as amoxycillin, claritomycin, metronidazole, proton pump inhibitors, anticoag-
ulants like aspirin, cytostatics (methotrexate) or non-steroid anti-inflammatory drugs
in eye-drops (nepafenac, ketorolac or bromfenac). Those medications are still occa-
sionally used in the treatment of CSCR, however this form of management does not
have any back-up of clinical trials. So far reports on efficacy of these drugs in the
treatment of CSCR are anecdotal and there are no convincing clinical data to justify
their routine use.

Mineralocorticoid Inhibitors

Among oral pharmacological therapies for cCSCR the exception is the application
of inhibitors to mineralocorticoid receptors, primarily Eplerenone, which has gained
a lot of attention and clinical trials [165—-168]. This form of treatment is justified in
the light of the mineralocorticoid receptors activation and up-regulation observed in
CSCR depicted at the beginning of this chapter. Blockage of the mineralocorticoid
receptors should directly inhibit retention of water in the choroid and diminish the
leak. Therapy with Eplerenone involves oral intake of 50 mg of this drug per day for
the minimum of 3—6 months. Results of studies with Eplerenone are unequivocal.
Some of the research reports its efficacy [169—171], but most recent studies, including
randomized trials do not [172-175]. What is common in results from the studies
that report success after application of Eplerenone in chronic CSCR, is relatively
satisfactory morphological outcome and just minor improvement of BCVA. That is
also similar to results of other treatment modalities, like PDT or SML.

Evolution of Treatment Strategies for CSCR

Timing of Treatment

There is no consensus on timing of initiation of treatment in CSCR. Still, some
research recommend observation for the first 3-4 months after disease onset in
expectance of spontaneous resolution of SRF [176]. This recommendation dates
back to 70-ties of twentieth century, when the only available treatment option in
selected cases of CSCR was laser photocoagulation. As the end-point of that treat-
ment was a retinal scar and in consequence possible defect in central visual field,
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spontaneous resolution of SRF in a few months’ time was considered a more bene-
ficial option. Nowadays, this approach is questioned by other clinicians [112, 118].
There are some data that suggest the damage to photoreceptors during first weeks
of the disease [177, 178]. Moreover, some research suggests that early initiation of
treatment could provide better functional results [118, 119]. That concept, together
with availability of non-damaging retinal therapies, like SML, might result in modi-
fication of recommendations for the treatment of CSCR towards its initiation soon
after onset.

The utilization of the new morphological classification of CSCR (simple versus
complex cases) into clinical practice can possible also modify these recommenda-
tions. With complex cases involving a lot of the RPE alterations at baseline, the delay
in application of treatment does not seem to make any sense. Simple cases, logically,
have better prognosis, however still retinal thinning is possible to occur despite full
resolution of SRF within a few months. That is why some ophthalmologists treat all
patients with CSCR at presentation or after a short period of one month observation.

The question which therapy should be a first line in the treatment of CSCR remains
under discussion among clinicians. As we noted earlier, SML compared to PDT is
cheap and does not involve invasive application of a drug, neither results in potential
systemic reactions. On the other hand, not all the cases respond to this modality,
especially not all the complex ones. So far, a prospective study that would link the
treatment modality used in CSCR to the variant of the disease has not yet been
conducted. That is why, clinical approach in choosing the treatment option has to
base on theoretical speculations, treatment availability, cost calculation and surgeons
experience and discretion. We believe, that simple cases of CSCR can be successfully
treated with SML both in its acute and chronic forms. On the other hand, management
of complex cases may be started with either SML or PDT, however in lack of response
to SML, switch to PDT should be prompt. In such cases ICGA guidance for the PDT
is recommended [53, 179].

Summary

Auvailable evidence shows that every form of CSCR poses a potential threat to visual
system and can lead to some degree of visual impairment even in cases of short
duration. Laser procedures stand as the main form of treatment of CSCR in modern
ophthalmology. We believe that deferral of treatment can reduce retinal potential for
improvement, so we suggest early initiation of therapy. The choice of the procedure
should involve case classification according to its complexity, duration and recurren-
cies. Simple cases might be a good subject to SML, however in complex longstanding
cases with many RPE alterations, PDT should be considered as the first choice of
treatment.
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Chapter 7 ®)
Laser for Retinal Vascular Occlusions Check for

Sathy V. Bhavan and Jeffrey K. Luttrull

Retinal Vein Occlusions

Introduction

Retinal vein occlusion (RVO) is, after diabetic retinopathy, the most common cause
retinal vascular cause of visual loss. The incidence of RVO increases with age,
peaking in the 7th decade. Li et al., [20] Predispositions, in addition to age, include
diabetes mellitus, hypertension, smoking, open angle glaucoma, hypercholes-
terolemia and cardiovascular disease. In younger patients, systemic inflammatory
disease, hyperviscosity syndromes, and hyper coagulopathies should be investigated.
Except in younger patients, medical and laboratory workups are seldom indicated
or fruitful. Studies differ on whether or not male sex is an independent risk factor
for RVO [34, 35].

For RVO, the predominant cause of VO is thought to be thrombus formation
impeding venous outflow. Because retinal circulation has one entry (the central retinal
artery) and one exit (the central retinal vein), impediment of venous outflow similarly
reduces arterial inflow, and thus retinal vascular blood transit. By reducing retinal
blood flow to the affected area, whether it be the entire retina (central RVO, or CRVO)
or part of the retina (hemi-or branch RVO, HRVO or BRVO), retinal oxygenation
is reduced causing partial to complete retinal ischemia and concomitant degrees of
retinal dysfunction [1].

The cause of intravenous thrombus development in most cases of RVO is thought
to be physical compression of the retinal vein by the adjacent retinal artery. Retinal
veins can be thought of like fire hoses or “floppy” low pressure vessels that tend
to collapse when nonperfused. In contrast, retinal arterioles carry blood under high
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pressure. Thus, their structure is more robust, akin to typical garden hose or conduit,
more firm and rigid.

With age, and further predisposed by systemic hypertension and cardiovascular
disease, there is an increase in the retinal arterial wall-to-lumen ratio. This makes
the retina arteries “harder” and more inflexible. Under the influence of systemic
hypertension, myogenic hypertrophy may also occur, increasing the wall diameter
[1].

The CRV and CRA lie side-by-side with the optic nerve, entering the eye through
the highly inelastic lamina cribosa. Once entering the retina, the paths of the veins
and arteries tend to diverge but remain roughly parallel, crossing paths at regular
intervals. At these crossing points, the RVs and RAs are tightly bound together
by a glial adventitial sheath which is also highly inelastic. Where the RV and RA
are bound tightly together by inelastic sheaths, if there is thickening and increased
density of the RA the only place the RA can expand is into the space occupied by
the RV. This compression reduces the lumen of the retinal vein, leading to turbu-
lent and variably reduced blood flow. If this reduction in flow is sufficient, patients
may experience mild to moderate symptoms of visual disturbance, often intermittent
and fluctuating, as well as clinical findings of retinal venous dilation and slowed
retinal vascular transit by fundus fluorescein angiography in the affected area of
the retina. More severe compression increases the chances of thrombus formation
due to a combination of slowed and turbulent blood flow. Most often, thrombus
formation results in incomplete obstruction of RV outflow. If the RV obstruction is
complete, either due to severe arterial compression or complete thrombus formation,
ischemia of the affected retina may be severe and permanent, and with it, the loss of
visual function. Retinal, macular, and optic nerve edema, along with diffuse inner
retinal hemorrhages, generally flame-shaped, are the typical clinical manifestations
reflecting severe inner retinal ischemia due to RVO (the outer retina being served by
the choroidal circulation). The superior hemi-retinal vein and superior branch retinal
veins are most commonly affected, reflecting common anatomic variations in the
posterior retinal distributions of retinal arteries and veins [27]. If it occurs or extends
into the macula, retinal ischemia, indicated by capillary non-perfusion, will be visu-
ally significant. Elsewhere, areas of ischemia will result in scotomata of varying
density that may or may not be symptomatic. However, the most important cause
of visual loss in RVO is macular edema (ME) resulting from ischemic damage to
perfused macular capillaries causing them to become incontinent and leak serum into
the extracellular space of the macula, distorting anatomic relationships and reducing
visual function. This tissue damage and dysfunction, along with the ischemia itself,
lead to chronic inflammation which exacerbates and amplifies these changes, acting
as an additional driving force maintaining the macular edema, and eventually leading
to tissue degeneration [16] .

In mild and early non-ischemic, perfused cases of RVO (in which imaging of
the retinal capillaries shows them to be present and intact), the macular capillaries
are generally responsive to treatment. The response to treatment is to demonstrate
reduced leakage and swelling of the macula and often improved visual acuity, which
persists while effective treatment is present. Like any other disease process, milder
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cases are generally more responsive to treatment, improving more, more quickly,
and for longer periods than more severe cases. When the RVO is more severe
and/or the ME more chronic, long-term ischemic damage to the macular capillaries,
along with the effects of degenerative chronic inflammation, lead to permanent and
irreversible damage to the microvasculature often rendering it unresponsive to any
type of treatment, making visual loss permanent. Prior studies suggest the likelihood
of developing degenerative, unresponsive ME is highest in cases 2 years or more in
duration [11].

Severe ischemia resulting from total or near-total RVO results in loss of vascular
perfusion and structure of both capillaries and larger vessels in the distribution of
the watershed area served by the obstructed retinal vein. If this occurs in the macula
irreversible visual loss occurs. Outside the macula, the main risk to visual function
is the development of disc or retinal neovascularization (NV) and the resultant risks
of vitreous hemorrhage, much less so, traction retinal detachment. The risk of NV is
directly related to the degree and area of capillary non- perfusion, the more complete
the capillary closure and larger the area involved, the greater the likelihood of devel-
oping disc or retinal NV. When such NV develops, it is typically at the junctions of
perfused and non-perfused retina [16, 27].

As implied above, the clinical significance of RVO is largely due to a combination
of severity and location. Unless completely non-perfused, and thus at risk for devel-
oping NV, extramacular RVO is generally inconsequential and requires no treatment.
ME is the most common indication for treatment in RVO, thus RVO involving the
macula is of primary importance. ME also may result from obstruction of the entire
retinal outflow due to CRVO. In other cases, visually significant ME may result from
obstruction of a small macular tributary retinal vein, sometimes described as a “twig”
BRVO. Either may be difficult to treat, but generally the greater the area of impaired
retinal circulation and greater the flow compromise, the more severe the ME and
more difficult to treat [18].

Although the presumed thrombus at the heart of the VO primarily responsible for
the impairment of blood flow will generally eventually resolve with re-cannalization
of the vessel and restored or improved retinal vascular transit, damage to the retinal
vasculature by this time in all but the very mildest cases is generally permanent.
Thus, absent effective treatment, the ME associated with RVO will generally persist
for many years, if not permanently. Because most effective treatments for RVO ME
are short-lived, the clinical course of ME due to RVO is generally waxing and waning
over many years [12].

Thus, the practical goal of treatment is to minimize both the severity of the ME,
and the length of time the macula is swollen in order to prevent degenerative changes
and preserve responsiveness to treatment with the hope that someday the ME will
finally resolve and useful visual function will remain. Treatment of ME due to RVO
is generally a long and difficult ordeal, with often modest rewards, for the patient
and doctor alike [16, 20].
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Subtypes of Retinal Vein Occlusion

Venous occlusive disease may affect either a branch retinal vein (BRVO), central
retinal vein (CRVO), or in eyes in which the superior or inferior venous outflow of
the retina has been occluded, the term hemiretinal vein occlusion (HRVO) is assigned.

Branch Retinal Vein Occlusion

BRVO occurs when a branch of the central vein is occluded. The site of obstruction
usually occurs at a retinal venous artery intersection or crossover. BRVO usually
occurs in the seventh decade of life [18]. An increased risk BRVO was seen in those
with a history of cardiac disease, hypertension, an increased body mass index, history
of elevated serum levels of alpha-2-globulin, and a history of glaucoma. Diabetes was
not a strong independent risk factor for BRVO in one study. Elevated HDL choles-
terol showed a decreased risk for BRVO [34]. Clinical findings for an acute BRVO,
defined as one present for less than 6 months, consists of superficial and deep retinal
hemorrhages, venous tortuosity and dilation, and retinal or macular edema [14].

Typically, the affected area is segmental in distribution corresponding to the region
drained by the occluded branch retinal vein. Acutely, disc swelling and cotton wool
spots may be present. The most affected branch is the superotemporal venous branch,
seen 63% of the time. In almost all other cases, it is the inferotemporal branch
[13]. Typically, visual acuity is worsened by ischemia of the macula, hemorrhage
and or edema. Vision may not be affected if the blockage is outside the branches
draining the macula or in the nasal retina. Generally, the peak of the distribution of
the hemorrhages is the region where the obstruction occurred at an arteriovenous
crossing. After 6 months, a BRVO may be defined as chronic. Collateral vessel
formation may be seen along with a resolution of hemorrhage. A determination of
perfusion status may be revealed with the use of fluorescein angiography. Existence
of macular edema can be quantified with the use of OCT imaging. In about 40%
of nonperfused or ischemic BRVO, retinal or disc neovascularization (NV) may
develop. This may be further complicated by vitreous hemorrhage in about 60%
of cases with NV. Neovascular tissue should not be confused with collateral vessel
formation, which are venule to venule channels and can appear tortuous, dilated,
intraretinal, and bypass the obstruction. Fluorescein angiography can be used to
help differentiate. Neovascular glaucoma and neovascularization of the iris are not
common in BRVO [14].

Central Retinal Vein Occlusion

CRVO is a common cause of visual loss in patients 50 years and older [14].
The Eye Disease Case—Control Study showed that systemic hypertension,
diabetes mellitus, and open angle glaucoma are risk factors for the development of
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CRVO [35]. In addition, hypercoaguable or hyperviscosity syndromes can increase
risk. CRVO is distinguished by diffuse intraretinal hemorrhages are superficial and
deep and spread from the optic nerve head out to the periphery in all four quadrants.
Cotton wool spots may be seen, and optic nerve head and macular edema are usually
present. During its clinical course, CRVO may resolve within a few months with
minimal effect, or may persist for longer and sometimes worsen over this period
of time. Neovascular glaucoma may develop in these cases. A CRVO may also be
perfused or non-perfused. Angiography can help to differentiate. Perfused CRVO will
generally have few hemorrhages and milder venous tortuosity and dilation. Minimal
disc hyperemia may be seen with or without edema. Capillary nonperfusion tends to
be minimal and cotton wool spots are generally rare. Perfused CRVO may become
non-perfused [36]. Non-perfused or ischemic CRVO reveal significant retinal hemor-
rhages, cotton wool spots and disc, macular, and retinal edema. Macular edema is
the primary cause of vision loss. There is notable venous dilation and tortuosity.

Hemiretinal Vein Occlusion

HRVO is seen in eyes with superior or inferior venous outflow of the retina has
been blocked. Typically, one sees intraretinal hemorrhage and venous dilation and
tortuosity involved either the superior or inferior half of the fundus. There is some
debate whether HRVO represents a subtype of CRVO or BRVO. The course of HRVO
is similar to that of BRVO. In some eyes, it is not possible to identify the occlusion
site. Twenty percent of eyes show that the branch retinal veins draining the superior
and inferior halves of the retina enter the lamina cribrosa separately before joining
to form a single central retinal vein. The occlusion of one of these dual trunks of
the central retinal vein within the nerve results in an HRVO. In some eyes, the nasal
retina is not drained by a separate vein but by a branch of either the superior or
inferior temporal vein. It is the obstruction of one of these veins draining both the
nasal retina and the superior or inferior retina near the optic nerve that results in
HRVO in the majority of eyes [30].

Conventional Photocoagulation

The Collaborative Branch Vein Occlusion Study (BVOS) was a multicenter, random-
ized clinical trial supported by the National Eye Institute designed to answer three
questions regarding the management of BRVO related complications [4].

The questions the BVOS sought to answer were the following: Can grid argon
laser photocoagulation improve visual acuity in eyes with visual acuity of 20/40
or worse caused by perfused macular edema? Can peripheral scatter argon laser
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photocoagulation prevent the development of neovascularization? Can peripheral
scatter argon laser photocoagulation prevent vitreous hemorrhage in eyes with
neovascularization? [4].

In the BVOS, eyes that were randomized to treatment with grid laser photoco-
agulation who had a visual acuity of 20/40 or less were more likely to have visual
acuity improvement and have a final vision of 20/40 or better than untreated eyes
at 3 years. [5]. The treatment technique consisted of applying laser to the macula in
a grid pattern, with the spots only in the area of vascular leakage evident on fluo-
rescein angiogram. Spots were not to be placed closer to the fovea than the edge of
the capillary free zone or farther into the periphery than the major vascular arcade.
Thick intraretinal hemorrhage areas were to be avoided, as conventional laser uptake
by blood within the retina can cause fibrosis. The recommend laser settings were
typically 0.1 s duration, 50 to 100 micron spot size, and power sufficient to produce
a light to medium white burn. Higher power was needed in thickened areas, and
complications of overly heavy burns included subretinal hemorrhage and choroidal
neovascularization, and areas of geographic atrophy that may eventually spread and
risk involving the macula. The laser uptake occurs at the level of the retinal pigment
epithelium (RPE) and slowly resulted in decreased retinal vascular leakage over a
period of 2 to 3 months. The mechanism was unclear, although one theory was that
the grid treatment resulted in retinal thinning which allowed the choroidal vascula-
ture to support the inner retina and triggered autoregulatory constriction of the retinal
vasculature and decreased leakage in the area [38].

Photocoagulation within the FAZ was always a concern. Staged approaches to
treatment were typical, starting farther out and subsequently becoming closer toward
the FAZ. Response to treatment was typically reassessed at 3 months. Retreatment
was limited by photocoagulation scar development and decreasing space in which
to add further laser spots.

In about 40% of untreated eyes with ischemic BRVO, NV develops [4]. The
incidence of NV may be reduced to about 20% with the application of peripheral
scatter laser photocoagulation. However, prophylactic laser was not recommended
because if laser was added prior to NV as most eyes would have undergone laser
treatment unnecessarily. Also, treatment of ischemic areas was effective for NV
but not for macular edema. Vitreous hemorrhage developed in 60% of the 40% of
untreated eyes with ischemic BRVO with NV. By adding peripheral scatter laser
when NV first developed, one could decrease vitreous hemorrhage risk by 30%. The
BVOS date showed that applying laser after the onset of NV was as effective in
preventing vitreous hemorrhage as if it were applied before the development of NV.
Sector PRP consisted of applying 200 to 500 micron spots of medium intensity laser
spaced about one spot width apart to the entire area of ischemic retina and two disc
diameters away from the fovea.

The Central Vein Occlusion Study (CVOS) was a multicenter, randomized, clinical
trial designed to answer three questions about laser management of CRVO related
complications including macular edema and anterior segment NV [36].
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The questions the CVOS sought to answer were: Does macular grid pattern laser
improve visual acuity in CRVO eyes with perfused macular edema? Does early PRP
prevent iris NV in eyes with nonperfused CRVO? Is early PRP more effective than
PRP at the first identification of iris NV in preventing neovascular glaucoma in eyes
with perfused CRVO?

The CVOS found that eyes that were 20/50 or worse that received macular
grid laser for macular edema did not have statistically significant improvement in
visual acuity, although edema was decreased angiographically. Despite angiographic
improvement, the visual outcome was comparable in eyes that were treated and that
were not treated with laser. Therefore, the CVOS did not recommend the use of grid
photocoagulation for CRVO macular edema.

The CVOS also did not support routinely performing prophylactic panretinal
photocoagulation (PRP) for all ischemic CRVOs because in many of these eyes
rubeosis never developed, and the treatment does not always prevent it from occurring
[36]. Instead, it was recommended that the eyes be monitored closely and treated
with PRP after iris or angle NV is first noted. This generally induced regression
evident in 2 to 4 weeks post treatment. If any sign of NV progression was noted,
supplemental PRP was recommended. Prophylactic treatment before NV of the iris
developed could be considered in very ischemic CRVO. Rubeosis could still develop
with prophylactic PRP, so close monthly examinations were still warranted. PRP
could also be applied if disc or retinal NV was evident, as in diabetic retinopathy.
With the advent of intravitreal injection of anti-VEGF agents, it became a superior
option for early treatment of both and rapid reversal of edema and NV, superior to
what conventional photocoagulation could offer. Certain sequelaec of CRVO could
also interfere with the delivery of PRP, in which case intravitreal injection was an
alternative. If rubeosis and posterior synechiae prevented pupillary dilation, adequate
PRP delivery may not be feasible. Also, corneal edema from elevated intraocular
pressure may prevent PRP application. Vitreous hemorrhage could also limit laser
application. Intravitreal anti-vascular endothelial growth factor (VEGF) drugs have
become a mainstay in all these scenarios today. Also, since intravitreal anti-VEGF
medications work rapidly and can be delivered at the onset of vascular occlusion,
long term degenerative changes particularly to the macula secondary edema could
be minimized when compared to laser photocoagulation protocols. In later studies,
conventional PRP was studied to see if hoped for reduction in peripheral retinal
ischemia by treating areas of peripheral capillary non-perfusion in CRVO might
help reduce ME, but found not to be effective [9].

Intravitreal steroids such as dexamethasone and triamcinolone are also alternatives
to anti-VEGF medications in retinal vein occlusion, especially in resistant cases.
However, as monotherapy, steroids alone have not shown superiority to anti-VEGF
medication.

Steroids also have more side effects after repeated dosing, including cataract
formation and elevated intraocular pressure. Also, combination therapy of steroid and
anti-VEGF has not shown superiority over anti-VEGF monotherapy [2]. However,
intravitreal steroid implants such as Ozurdex has the advantage of controlling
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edema in retinal vein occlusion for longer term, thus reducing the need for frequent
injections.

Chorioretinal Anastomosis for Central Retinal Vein
Occlusion

One procedure, designed to address the core cause of CRVO, is Laser Chorioretinal
Anastomosis. This involves the creation of a laser-induced chorioretinal anastomosis
(LCRA) between the blocked high pressure retinal venous circulation and the unob-
structed low pressure choroidal venous circulation. This would, in theory, lower
central venous pressure and help relieve macular edema [9]. The technique involves
choosing a site, nasal to the optic disc preferably, to minimize risk of submacular
hemorrhage or choroidal neovascularization. The laser application is at the margin
of the retinal vein and designed to rupture Bruch’s membrane and the wall of the vein
simultaneously. Typical settings with the Ellex laser are power of 2.5 to 3.5 W, 50
micron spot size, and 0.1 duration. Argon green laser has been used with a spot size
of 50 micron, 100 ms duration, and power from 3.5 to 6.0 W. Argon blue-green laser
combined with Nd-YAG laser and krypton red laser has also been used [21]. High
power is generally needed, and indocyanine green sensitization may help increase
absorption. Anastomosis may take anywhere from 2 to 6 weeks to form. Complica-
tions of the procedure include choroidal neovascularization, vitreous and subretinal
hemorrhage, epiretinal membrane formation and traction retinal detachment [22].
It is important to confirm presence of posterior vitreous detachment prior to the
procedure to help reduce risk of vitreoretinal complications.

Combination therapy of LCRA and intravitreal anti-VEGF has been shown to
reduce injection frequency and duration along with improved vision and anatomical
outcomes. The procedure has had limited adoption thus far, likely due to its inherent
risks and the effectiveness intravitreal anti-VEGF medications.

Short Pulse CW Laser (SRT, 2RT, PASCAL)

Short pulse continuous wave lasers include Selective Retina Therapy (SRT),
Nanosecond laser (2RT) and PASCAL or Pattern Scanning Laser. All are designed
with the intention of reducing but still producing laser-induced retinal damage
(LIRD), as well as reducing treatment related discomfort. The following is a review
of these technologies and their application in the treatment of retinal vein occlusion.
There are notably few published studies to date.
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PASCAL

The PASCAL, or pattern scanning laser, was the first partially automated laser that
allows the physician to choose various laser pattern presets to apply to the retina with
one pedal depression. Destruction of retinal photoreceptors to reduce their oxygen
consumption to decrease retinal oxidative stress was the goal of the PASCAL design.
With regard to retinal vein occlusions, this suggests that it’s most suitable application
would be treatment of retinal neovascularization (NV). The laser was a short pulse
(~10us) duration 532 continuous wave laser [8].

PASCAL PRP has been found to be less painful than conventional PRP because of
less heat spread and the short duration of the laser spot. However, it has been reported
to have less therapeutic benefit than conventional PRP [7]. In an attempt to improve
the performance of the PASCAL for proliferative diabetic retinopathy (PDR), an
analogue of NV complicating RVO, treatment density was increased. Despite this,
PASCAL was still found to be less effective than conventional PRP or ranibizumab
for PDR [3]. An algorithm was devised for PASCAL to be used as sublethal treatment
and avoid LIRD, called end point management (EPM). This involved titrating the
power using a test burn, and then reducing the power a proscribed amount. One
report on PASCAL EPM treatment of CSR reported no LIRD [19]. Despite titration,
the short pulse CW laser’s narrow therapeutic range (0.010 W) makes it highly
susceptible to surgeon misjudgment and eye-specific variations such as pigmentation,
retinal thickness, and media opacity, making avoidance of LIRD, while theoretically
possible, clinically unreliable [8]. At the same time, the short CW pulse limits heat
spread from the spot of retinal ablation, resulting in little affected but surviving retina
to produce a therapeutic effect, limiting its effectiveness [26]. It has not been shown
to date that PASCAL effectively for treatment of branch or central RVO [8] .

Selective Retina Therapy (SRT)

SRT was designed using microsecond pulses to selectively target the RPE for damage
while reducing injury to the photoreceptors and choroid. One theory of its mechanism
of action is the development of a new RPE cell barrier, strengthening the RPE pump
and barrier function. Another theory is that activation HSP 70, and tissue matrix
metalloproteinases might play a role in healing of the RPE damage resulting from
SRT [32]. SRT has not been reported for treatment of RVO or its complications.



176 S. V. Bhavan and J. K. Luttrull

Nanosecond Laser (2RT)

Another laser with a goal of even more precisely selectively targeting the RPE are
pulsed lasers in the nanosecond range (2RT). The 2RT laser (Ellex Pty Ltd, Adelaide
Australia), is a 532 nm Q switched Yag laser. 2RT is designed to photodisrupt the
RPE, hoping to avoid damage to Bruch’s membrane and the neurosensory retina on
either side [15] Nanosecond 2RT laser has been studied for the treatment of AMD
and DME, but not thus far in RVO [15, 39] (Fig. 7.1).

Microsecond Pulsed Laser (MPL)

Before the arrival of intravitreal drugs, conventional laser photocoagulation was the
only therapy for RVO. Although better than no treatment at all, photocoagulation had
limited effectiveness, many adverse treatment effects, and little ability to retreat due to
the threat to visual function with accumulating LIRD. With the advent of intravitreal
injection, use of intravitreal medications rapidly replaced photocoagulation as it
spared the retina while reducing macular edema. However, the results of drug therapy
for RVO are still not always satisfactory, generally required frequently repeated
treatment over many years [31]. Of all applications for MPL, MPL, like all other laser
modes including photocoagulation, laser tends to have the least robust therapeutic
effect in the treatment of retinal vein occlusions [8]. This is most likely due to
the difference in disease process which is caused by dysfunction in inner retinal
circulation and oxygenation rather than chronic progressive dysfunction of the RPE.
MPL targets the retinal pigment epithelium which appears to have a limited role
in retinal vein occlusion, which represents a catastrophic failure of retinal vascular
perfusion, whether ischemic or non-ischemic. Either may cause permanent damage
to the retinal vasculature and compromise perfusion, resulting in macular edema [12,
14]. In extreme injury or degeneration due to persistent chronic swelling, the edema
may not respond to any therapy and atrophic and pigmentary damage may develop,
worsening vision and limited any possibility of visual recovery [16].

Current treatment for retinal vein occlusion relies predominantly on monthly
injection of intravitreal medications. However, tissue sparing laser like MPL can still
play a part in a treatment regimen for RVO. Combination therapy has been shown
to be beneficial by reducing injection burden [11, 26, 33, 37]. Less severe RVO may
respond MPL alone, precluding the need for injection. A study comparing the effi-
cacy of threshold grid laser treatment to subthreshold grid laser treatment with an
infrared MPL for macular edema from BRVO showed similar vision improvements
and edema resolution when compared to conventional threshold photocoagulation,
but without LIRD in the MPL eyes [29]. In another study, Parodi et al. showed
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«Fig. 7.1 OCT macula fluorescein angiogram fundus photos 73 year old female with history of
branch retinal vein occlusion and neovascularization who presented in 2015 with Hand Motion
vision OD due to secondary vitreous hemorrhage. She required only Avastin x 3 and then was
treated with SDM q 3 months. Her vision improved to 20/30 + 2 as of 2021 and has not required
further Avastin injections

that vision results were superior with MPL combined with intravitreal triamcinolone
compared to photocoagulation for RVO [28]. Luttrull et al. has also reported effec-
tive reversal of macular edema with subthreshold diode micropulse laser treatment
absent LIRD by high-resolution macular imaging including spectral-domain OCT
and autofluorescence fundus photography [26]. These studies suggest that MPL may
help macular edema by stimulation of the RPE to normalize cytokines expression
and response, increase the transretinal RPE fluid pump effectiveness, and reduce
inflammation due to its anti-inflammatory effects [12]. It is useful to remember that
anti-VEGF drugs are not anti-inflammatory and cannot address this critical part of
the disease process. Laser-induced improvement in macular function and reduction
of chronic inflammation may help preserve macular and visual function in the face of
chronic recurrent swelling, the typical course of even effectively treated RVOs [14,
14] Even though MPL is generally insufficient as monotherapy for RVO macular
edema, maximum MPL-induced preservation of macular function may afford the
eye with RVO improved long-term prospects for retaining vision over the course of
the disease.

NV development in ischemic retinal vein occlusion can be treated effectively
with MPL, analogous to conventional laser photocoagulation in proliferative diabetic
retinopathy. [24] MPL can be applied to the ischemic retina while sparing the
retina and minimizing the need for intravitreal injections. Analogous to age-related
geographic atrophy, MPL also can be used in hopes of reducing atrophic pigmentary
damage that may develop due to chronic and recurrent macular edema in RVO, to
limit scar expansion from previous photocoagulation, and augment drug treatment
in eyes with scarring from prior conventional photocoagulation that cannot tolerate
additional retinal damage [24, 25].

Gawecki [12] has shown that in terms of visual function, MPL may be more
effective that conventional photocoagulation, likely due to avoidance of LIRD, with
similar visual results to retina-sparing drug therapy in RVO [12]. MPL monotherapy
has not been found to be as effective as intravitreal drug therapy, be it anti-VEGF
medication or steroids [28]. Several studies of MPL with and without ranibizumab
found that addition of MPL to ranibizumab for macular edema due to RVO did
not improve macular thickening or VA, but did result in a reduced frequency of
intravitreal injections [6, 11, 33]. Inagaki et al. showed that micropulse in patients
with chronic edema in RVO and visual acuity better than 20/40 may benefit from
MPL alone for long-term management [17] (Fig. 7.2).
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Fig. 7.2 OCTs of and eye with a branch retinal vein occlusion before and after MPL panmcular
SDM monotherapy for CME. Not marked resolution of macular edema. While SDM is seldom
effective monotherapy for RVO with ME, it may reduce the number of intravitreal injections required
over time, and in some cases, such as mild ME or where injections are not possible or refused, SDM
may be effective, as in the eye shown here

Retinal Artery Occlusion

Retinal arterial occlusion presents other potential roles for MPL. Fundus examination
of CRAO reveals superficial whitening of the retina usually mostly in the macular
region. A “cherry red spot” can sometimes be seen, because thinning of the opaque
ischemic retina in the fovea allows visualization of the subretinal pigmentation.
Segmentation of the blood column, or box-carring, may be seen in severe CRAO. In
20—40% of cases, emboli can be found. These are typically calcific or cholesterol,
originating in the heart or internal carotid arteries. Ocular complications of CRAO,
in addition to vision loss, include rubeosis and disc neovascularization. Rubeosis
may occur in 18% of eyes at a mean time of 4—5 weeks after occlusion, with a range
of 1—15 weeks [10].

Early in the course of the disease, conventional PRP in severe/complete CRAOs
was to ablate the ischemic retina outside the major vascular arcades to decrease
the ischemic drive and amount of VEGF released that might lead to new vessel
formation, particularly in the anterior segment [10]. The typical visual adverse effects
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of conventional PRP, such as permanent decrease in peripheral, color, and night
vision, are less a concern in CRAO due to the already generally profound visual
loss. Conventional panretinal photocoagulation can induce regression of iris vessels
in about 65% of eyes. Disc neovascularization of the optic disc occurs in 2—3% of
eyes [10]. There are no literature reports of the PASCAL, SRT, 2RT or MPL for
the treatment of RAOs. However, experience with other causes of ischemic ocular
neovascularization such as proliferative diabetic retinopathy suggest that MPL or
PASCAL treatment may be helpful in CRAO should NV develop [7, 25].

Summary

Macular photocoagulation for macular edema from RVOs should be avoided, as it
is ineffective in CRVO, and does not improve outcomes compared to retina sparing
drug and/or MPL laser and may lead to late geographic atrophy in the macula due to
laser scar expansion and coalescence. PRP for NV, particularly anterior segment NV
from ischemic retinal vein occlusion or central retinal artery occlusion is effective,
slightly slower acting than anti-VEGF therapy, but longer acting. The clinical setting
should indicate if one, or both, is most appropriate to address anterior segment NV
at any point in time. Retina-sparing sparing SDM MPL peripheral retinal treatment
of ischemic eyes may also be effective, limiting peripheral vision loss and treatment
associated inflammation that may aggravate macular edema.

Because the course of ME in BRVO waxes and wanes over many years, maxi-
mizing preservation of visual function while minimizing intravitreal injections is
desirable. MPL maybe effective as monotherapy for eyes with better VA and lesser
degrees of macular thickening. In eyes with worse VA and greater degrees of macular
thickening, the addition of MPL has been shown to reduce the frequency of intrav-
itreal injections. Finally, the development of anti-VEGF drug tolerance may occur
over the long course of RVO treatment, rendering medication ineffective. MPL has
been shown to reverse anti-VEGF drug tolerance in wet AMD [23]. MPL may thus
also reduce the risk of drug tolerance in RVO, possibly accounting in part for reduced
in anti-VEGF injection frequency in RVO management when combined with MPL.
Because MPL is retina-sparing, MPL can be repeated as often as needed without
adverse treatment effects, and important consideration as treatment of macular edema
due to RVO may go on for years [31].
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Chapter 8 ®)
Laser Treatment in Intraocular Tumors Checkcfor

Korol A. R. and Nasinnyk 1. O.

There are following intra ocular tumors:

Malignant tumors: choroidal melanoma, iris/irido-ciliary melanoma, retinoblas-
toma, metastatic tumor.

Benign tumors: iris nevus, choroidal hemangioma, retinal capillary hemangioma,
vasoproliferative tumors, astrocytoma, iris melanocytoma (Table 8.1).

Some of the more important conditions that lend themselves to this modality of
management are discussed below.

Uveal melanoma.

Laser photocoagulation. Death rate associated with uveal melanoma decreased in last
decades from 60-80% to 25-30% [1, 2]. It’s connected with improvement of early
diagnostic and development of new possibilities of organ preservation treatment.

Currently there are two main directions in the therapy of patients with uveal
melanomas—enucleation and organ preservation treatment. Enucleation was the main
and alone treatment and the most reliable. However, analysis of long-term outcome
showed that enucleation doesn’t prevent development of metastatic lesions. Also it
may leads to promotion of spreading of melanoma cells [3-8].

Photocoagulation as a means of treatment of of the choroidal melanoma was
introduced by Meyer-Schwickerath in 1952 [9]. The technique aimed at surrounding
the tumor with a scar which both limited its spread and deprived it of its blood supply.
Subsequently the tumor itself was ablated by direct treatment.

Currently laser photocoagulation as monotherapy is used for limited indications.
There are: small, pigmented and postequatorial uveal melanomas [2, 10—14]. Indi-
cated for laser photocoagulation are: 3 mm or smaller in height and less 4 DD in
diameter [13-15].
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Table 8.1 Laser treatment options in intra ocular tumors

K.A.R.and N.I. O.

Type of tumor | Parameters of LPC TTT PDT Combination
tumor for laser with radiation
treatment

Choroidal Up to 3.0 mm Upto4.0 |Upto4.0 |Upto6.0-12

melanoma height, mm mm mm height

pigmented height height

Iris/irido-ciliary + + No role +

melanoma

Metastatic Lesions up to 3 + + No role +

tumors mm basal
diameter and 2
mm height

Retinoblastoma | Lesions up to 3 + + No role +
mm basal
diameter and 2
mm height
Cryo/TTT
acceptable
options Forms
important part of
consolidation
after
chemotherapy

Choroidal Progressing No role + + No role

hemangioma

Retinal capillary | Progressing +, including No role +

hemangioma feeder vessel

closure

Vaso Thermal laser No role No role Brachytherapy

proliferative can be used. needed on

tumors Combination occasion
with anti-VEGF

Astrocytoma Rarely laser used | No role No role No role

Iris nevus No role No role No role No role

Iris No role No role No role No role

melanocytoma

LPC: laser photocoagulation, TTT: transpupillar thermotherapy, PDT: photodynamic therapy. +:
application is possible

Additional conditions are—maximal mydriasis and transparency of optic medias.
It may be used lasers with different wave lengths—532, 577, 810, 1064 nm (31,
105). Laser energy is absorbed by pigment epithelium cells of the retina and melanin
in the choroid with following transformation into heat energy. This heat leads to
denaturation of proteins of melanoma cell and their necrosis.
Operation has two stages. The first is formation of a restrictive barrier. Laser burns
are applied 500—1500 mcm far from a visible border of a tumor. Diameter of a laser
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burn is 50—500 mcm, exposition 0.5—1.0 s., power 100—700 mW. Laser lesion must
be confluent, III stage by L’Esperance, but not damaging retinal vessels [16].

The second stage—coagulation of a tumor starts 3—4 weeks later when scar is
formed. Parameters of laser are following: diameter of a laser burn is 200—1000
mcm, exposition 0.5—2.0 s., power 200—850 mW [17]. Laser lesion must be [II-1V
stage by L‘Esperance. Laser power may widely vary because of an optic medias
and pigmentation of melanoma. Laser burns are applied from a periphery of a tumor
toward a central part as roof tiles. Starting power on the periphery of the tumor is
much less then on central part.

Possible complications of laser photocoagulation are: retinal hemorrhages, occlu-
sion of retinal vessels, optic disc swelling, exudative retinal detachment, vitritis
and uveitis, choroidal neovascularisation, cystoids macular edema, IOP elevation,
cataract.

A number of researchers [11, 18] showed promise of using laser with a wavelength
1.06 wm, capable of penetrating deep in tumor tissues and carrying sufficiently large
thermal energy. Moreover, by changing the spatial and temporal characteristics of
laser radiation and treatment tactics at the same time, it is possible to destroy a tumor
with thickness of up to 4 mm [19].

Local radiotherapy had a significant impact on the enhancement of organ-
preserving treatment for patients with uveal melanomae. Thus, according to a number
of researchers [18, 20, 21], application of beta-therapy with the use of radioactive
Sr-90 makes it possible to destroy the tumor with thickness of up to 5 mm while
using Ru-106 allowed to achieve positive result with thickness tumors of up to 7 mm
[18]. More impressive results have been obtained using gamma radiation for local
treatment of uveal melanoma. Char D. H. and Grizzard W. S. [22, 23] succeeded to
destroy a 12mm tumor by irradiating helium ions. The positive experience of using
light energy and the application of beta-therapy in the treatment of patients with
uveal melanoma, as well as the results of studying their biological effect on tumor
cells, made it possible to substantiate the expediency of their combined use to obtain
a potentiated positive therapeutic effect [24].

Conducted at the Filatov Institute of Eye Diseases and Tissue Therapy of the
National Academy of Medical Sciences of Ukraine analysis of the results of combined
organ-preserving treatment (photocoagulation and application beta-therapy) in 560
patients with uveal melanomas with a tumor thickness of 2 to 12 mm showed in
27% of cases complete resorption of the tumor, in 35.9%—partial resorption, in 17.8
%—stabilization of malignant growth, and in 19.3% of cases—recurrence of tumor
growth. In this group of patients, mortality from metastases after 5 years was 13.2%
[12], while after enucleation it was 35.5% [8, 25].

Terentyeva et al. [12, 18] treated patients with uveal melanoma using combined
photocoagulation and beta therapy (Ru—106). They have shown that this combined
treatment allows the management of intraocular tumors with a thickness of more
than 7 mm.

Transpupillar thermotherapy (TTT). Originally described by Oosterhuis, TTT was
suggested for the treatment of small tumors near the optic disk or fovea [26]. TTT
is performed by diode laser with wave length 810 nm. Infrared radiation penetrates
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into melanoma tissue much deeper then visible laser with wave length—514, 532,
577 nm or even red radiation. So, it may heat melanomas with bigger height [27].
Histological examination of uveal melanomas after TTT shows necrosis 3.9 mm in
depth [26].

TTT may be used as monotherapy or in combination with radiation therapy or/and
surgery removal of a tumor [26, 28-30].

As monotherapy TTT is performed for melanomas with height 3.5—5.0 mm
and diameter of basement less 12 mm (Figs. 8.1 and 8.2) [26, 31]. Parameters
are following: diameter of laser beam 1—3 mm, exposition 60—90 s., power—
200—900 mW, number of treatments 1—6 with interval 1—6 months [32-36]. Treat-
ment includes exposition of tissues 200— 1500 mcm from visible edge of melanoma
[28, 37].

TTT starts from low power increasing it till mild graying of surface of tumor at
the end of exposition. If surface starts graying at the beginning of exposition power
must be decreased by 100 mW [28, 38]. In case of melanoma with height more than
4—5 mm may be used combination with brachytherapy [26, 30].

Effectiveness of TTT as monotherapy of melanomas with height less 3.5 is more
than 90% [34, 36, 37]. However, Stoffelns B.M. used TTT of uveal melanomas with
height up to 4.5 mm and diameter up to 12 mm [39, 31].

Possible complications of TTT are: retinal hemorrhages, occlusion of retinal
vessels, traction of the retina, optic disc swelling, exudative retinal detachment,
vitritis, choroidal neovascularisation, cystoid macular edema [33, 37, 40, 41].

Photodynamic therapy (PDT) with verteporphin. Cellular injury from PDT is
mediated by singlet oxygen. The main advantage of PDT is the selectivity of the
treatment and minimal disruption of tissues. PDT is a two steps treatment. The first
step is intravenous injection of photosensitiser verteporphin with dosage 6 mg for
square meter of a body surface of a patient. During the second step the photosensitizer
verteporfin is activated by non-thermal red laser to obtain closure of neovascular
structures. Parameters of laser are following: wave length 689 nm, diameter of laser
beam 1—7 mm, exposition 83 s., energy—standard dose of 50 J/cm?, irradiance of
600 mW/cm?, number of treatments 1 —6 with interval 3 months [42].

Preclinical and clinical studies indicated that PDT is a safe, selective, and effective
treatment for choroidal neovascularization in age-related macular degeneration. No
significant damage to the neurosensory retina was found, which explains why PDT
does not cause loss of visual acuity and may be used in a larger population than laser
photocoagulation [43].

Although treatment of small pigmented or amelanotic posterior choroidal
melanoma with PDT effectively preserves visual acuity (Figs. 8.3 and 8.4). Roelofs
K.A.etal. showed 5-year treatment-success calculated by Kaplan-Meier analysis was
only 38.4%. Recurrences after PDT tend to occur along the tumor edges, often with
minimal increase in thickness. Given the substantial risk of treatment failure, primary
PDT with vertepofrin is recommended in exceptional cases of choroidal melanoma,
for which other treatments with greater tumor control are not a feasible option
[44, 45]. Possible complications of PDT are: retinal and subretinal hemorrhages,
exudative retinal detachment and occlusion of retinal and choroidal vessels.
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The existing methods of organ-preserving treatment of uveal melanomas and the
evaluation of the effectiveness of their use allow us to draw the following conclusions:

Traditional enucleation for uveal melanoma, especially for small and medium-
sized tumors, is being replaced by organ-preserving treatment techniques, which, in
addition to saving the eye, significantly improve the prognosis for the patient’s life.
An essential point of organ-preserving treatment is that in 41—52% of cases it is
possible to preserve visual functions, which is very important in the presence of a
tumor in a single eye.

The effectiveness of treatment of intraocular melanomas depends on a size,
cellular structure, pigmentation and localization of the tumor.

Choroidal hemangioma.

Choroidal haemangiomas are a benign vascular tumour of the choroid, which can
be either circumscribed or diffuse. Circumscribed choroidal haemangiomas have
no systemic association while diffuse choroidal haemangiomas are often associated
with Sturge-Weber syndrome. The presentation of a choroidal haemangioma is
dependent on its location, with diffuse haemangiomas more likely to cause retinal
detachment [46]. Many however are asymptomatic and found incidentally. Treatment
is indicated if a patient’s vision is affected or threatened due to exudative retinal
detachment, macular oedema or the lesions proximity to the fovea. Haemangiomas
that involve the macula often cause reduced vision, metamorphopsia and progressive
hypermetropia [47].

Diffuse choroidal haemangiomas have been treated with many modalities
including radiotherapy, anti-vascular endothelial growth factor (VEGF), TTT, PDT
and laser photocoagulation. PDT is an ideal treatment option as it selectively destroys
tumour vasculature while sparing the overlying retina. PDT [48-53].

Treatment of Circumscribed Choroidal Hemangioma

Laser photocoagulation has been an effective treatment modality for hemangioma for
many years. Shields and coworkers [51] reported 62% resolution of subretinal fluid
and 71% stability of vision with argon laser photocoagulation. The main complication
of laser photocoagulation is the expansion of RPE atrophy and coexistent scotoma.
Other reported complications include preretinal membrane, choroidal neovascular
membrane, vascular occlusion and retinal bleeding. Diode laser photocoagulation
has been shown to be equally efficacious with probably lower absorption by the
retinal pigment epithelium [48]. Currently, laser photocoagulation is rarely used to
treat hemangiomas as this has been largely replace by photodynamic therapy.

In various studies the visual acuity improvement or stabilization after PDT
for choroidal hemangioma ranges from 73 to 100% [52]. Blasi and co-workers
reported the five year outcome of 25 patients treated with PDT for circumscribed
hemangioma and found that visual acuity improved by two lines in 76% of patients
with complete resolution of macular exudation in all cases and no complications
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were observed [53]. Shields CL and co-workers nearly 50 patients treated with PDT,
95% of patients required only one session with complete resolution of the tumor
and fluid. A second session was needed in 5% to resolve persistent or recurrent
subretinal fluid. Long-term recurrence of subretinal fluid is uncommon [54].

The use of TTT is limited to extrafoveal tumors. Treatment with TTT successfully
causes tumor regression in many patients (42%, partial 50%) complete but carries
a risk of cystoid macular edema, preretinal fibrosis, focal iris atrophy and retinal
vascular occlusion [46].

Treatment of Diffuse Choroidal Hemangioma

The management of diffuse choroidal hemangioma can be challenging. In addition
to choroidal hemangioma, patients with Sturge-Weber syndrome also have congen-
ital glaucoma in 70% of patients. The mechanism of raised intraocular pressure is
angle anomaly and raised episcleral pressure. Treatment options for diffuse choroidal

Fig. 8.1 Choroidal melanoma arose from benign nevus A Color fundus photograph shows dark
nevus in the macula area and melanoma is located temporal to the nevus. B-D Fluorescein angiogram
shows hyperfluorescence with diffuse leakage from melanoma
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hemangioma include observation, amblyopic therapy, laser photocoagulation, irra-
diation, photodynamic therapy, retinal detachment surgery or even enucleation in
advanced cases with neovascular glaucoma [55].

Multispot photodynamic therapy has been used successfully in patients with
diffuse hemangioma. Reported cases in the literature document resolution of
subretinal fluid, decrease in thickness of the tumor and improvement in visual acuity
[56, 57].

Retinoblastoma (RB).

In the treatment of RB, laser (thermal/TTT) is used as primary modality of treatment
only for very small tumors [58]. In most cases, however, it is used as an adjunct.
Tumors are regressed with chemotherapy and then subjected to laser treatment to
achieve total destruction. Tumors of up to 3 mm basal diameter and height of about 2
mm are amenable for laser treatment. The laser is applied around the tumor to cut off
the blood supply. Direct treatment of the tumor can also be done although there are

Fig. 8.2 Fundus images of a patient treated with TTT for choroidal melanoma arose from benign
nevus A Color fundus photograph shows gray scar instead of the melanoma located temporal to the
nevus. B-D Fluorescein angiogram shows hypofluorescence at the site of melanoma
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Fig. 8.3 Small pigmented choroidal melanoma A Color fundus photograph shows melanoma is
located at the mid periphery. B-D Fluorescein angiogram shows hyperfluorescence with diffuse
leakage from melanoma

concerns about the vitreous dissemination of tumor cells. Direct treatment of RB can
be more safely done with TTT rather than by thermal photocoagulation. With TTT,
the end point of each burn is the development of mild opalescence in the tumor. One
can combine the treatment surrounding the tumor with thermal coagulation followed
by TTT of the tumor itself.

Tumors bordering the macula are best allowed to shrink with chemotherapy till it
is safe to destroy the residue without compromising the fovea. However, it may not
always be possible to preserve the fovea-especially where the epicenter of the tumor
lies in the foveal location, and it shrinks toward and not away from fovea [59].

Shields et al. have shown a success of 85.6% in achieving complete tumor regres-
sion. The risk factors for tumor recurrence were male sex, inability to produce a color
change in the tumor with TTT and tumors being treated after chemo reduction [60].
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Fig. 8.4 Fundus images of a patient treated with PDT for choroidal melanoma A Color fundus
photograph shows gray scar and hyperpigmentaton instead of the melanoma located at the mid
periphery. B-D Fluorescein angiogram shows hypofluorescence at the site of melanoma
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Chapter 9 ®)
Laser Treatment in Rhegmatogenous e
Retinal Detachment

Jana Stefanickova and Igor Kozak

Retinal laser is an essential tool in the treatment and prevention of retinal detachment
(RD). Laser retinopexy to fuse the retina to the underlying retinal pigment epithelium
and choroid by photocoagulation (PC) can prevent progression of retinal breaks to
prevent rhegmatogenous RD (RRD), contain and confine smaller and slowly progres-
sive RDs by laser PC demarcation of the advancing edge of the RD to prevent spread
and preclude the need for major surgery. It also, serves as an essential tool for sealing
retinal breaks during scleral buckling (SB) and/or pars plana vitrectomy (PPV), and
can be used to create thermal choroidal perforations to facilitate external drainage
of subretinal fluid during RD repair. Laser retinopexy works only if the etiology of
retinal detachment is rhegmatogenous. Alternative types of laser mechanisms have
been used in exudative retinal detachments which are described in other chapters
of this book. This chapter will describe processes and risk factors leading to rheg-
matogenous retinal detachment formation and report published success rates in using
laser retinopexy for rhegmatogenous RD.

The formation of retinal break leading to retinal detachment is usually preceded
by the posterior vitreous detachment (PVD)—a separation of the posterior vitreous
cortex from the internal limiting membrane of the retina which may be complete
or partial [1]. The formation of vitreous traction at areas of significant vitreoretinal
adhesion is responsible for most retinal breaks that lead to retinal detachment. Nearly
70% of the population develop a posterior vitreous detachment, but only about 4%
of the population have retinal breaks [2]. Typical onset of PVD is between the ages
of 45 and 65, however, the risk factors leading to earlier onset could be trauma and
myopia. Other risk factors include aphakia, pseudophakia, cataract surgery, lattice
retinal degeneration, uveitis, retinitis and hereditary vitreoretinopathies [3]. During
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Fig. 9.1 Ultra wide-field
color fundus image of barrier
laser surrounding a large
peripheral retinal tear (white
arrow). The condition has
been stable for several years.
(Source Dr. Igor Kozak, Abu
Dhabi, U.A.E.)

the acute onset of PVD patients typically report the light flashes mainly in the dark.
As the vitreous separates from the retina, photopsias are the result of vitreoretinal
tractions. The vitreous opacities or floaters may be due to condensations of vitreous
collagen, release the epipapillary glial tissues (Weiss ring) from the optic nerve head
or blood from a damaged retinal vessel. At the time of the first examination about
8-22% patients with acute PVD symptoms will have a retinal tear [4—6]. If no retinal
tears appear upon presentation of acute, symptomatic PVD, there is a 2-5% chance
of a retinal tear in the subsequent weeks [5].

Retinal tears are full-thickness discontinuities in the neurosensory retina. Asymp-
tomatic operculated holes and atrophic round holes have a very low risk of retinal
detachment [7]. In eyes with symptoms of acute PVD, atrophic retinal breaks
with clinical features have been found suggesting that they are unrelated to this
acute condition. The literature provides little evidence of necessity for further laser
treatment [8].

In symptomatic PVD, retinal tears associated with symptoms of floaters and/or
photopsias are more likely to cause rhegmatogenous retinal detachment. A symp-
tomatic retinal break is caused by vitreoretinal traction in eyes with an acute onset
of PVD [9]. Untreated, symptomatic horseshoe tears are reported to lead to retinal
detachment in 30-50% of cases. Retinal break features that are particularly high risk
for progression to RD include breaks of acute onset, superior location, large size
and surrounding subretinal fluid [10] (Fig. 9.1). Some breaks are associated with
subclinical RD, which is defined as an extension of subretinal fluid at least 1 disc
diameter away from the break but not more than 2 disc diameters posterior to the
equator. Operculated retinal breaks have a low risk of progression to RD because the
operculum represents relief of the vitreoretinal traction.

Retinal laser photocoagulation to surround a retinal break reduces progression
to RD (Figs. 9.2 and 9.3). Laser treatment creates adhesions between the retina and
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A B

Fig. 9.2 Laser retinopexy using navigated retinal photocoagulation. 2A—Peripheral fundus view
showing a horseshoe tear with laser application pre-planning (blue dots, yellow circles represent
protective zones). 2B—The same horseshoe tear following laser photocoagulation. (Source Dr. Per
Heuvels, Stade, Germany)

Fig. 9.3 Ultra wide-field
color fundus image of barrier
laser surrounding a
symptomatic operculated
retinal break. The condition
has been stable for one year.
(Source Dr. Igor Kozak, Abu
Dhabi, U.A.E.)

retinal pigment epithelium and prevents migration of subretinal fluid [11, 12]. Amer-
ican Academy of Ophthalmology recommends prophylactic treatment of acute symp-
tomatic horseshoe tears and dialyses, while leaving management options for acute
symptomatic operculated holes, traumatic retinal breaks or asymptomatic retinal
breaks to the treating physician’s decisions [9].

Retinal detachment occurs in about 5% of eyes with symptomatic retinal breaks
despite laser retinopexy. This can be caused by inadequate treatment to all margins
of the break, subretinal fluid accumulation before chorioretinal adhesion from
retinopexy is complete or because of missed or new breaks [2, 7, 8]. Subsequent
retinal breaks occur after treatment of the first retinal break in 5-14% of eyes. Despite
apparently adequate prophylactic treatment of retinal breaks, RD is diagnosed in 2—
8.8% eyes [11, 12]. Nearly half of subsequent breaks occur within four to six weeks,
but new breaks may occur months or even years later [13].
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Lattice degeneration is a peripheral vitreoretinal degeneration characterized by
retinal thinning, overlying vitreous liquefaction, and firm vitreoretinal adhesions at
the margins of thinning. The incidence is about 6-8% of general populations and
up to 30% of retinal detachments occur in these eyes; bilateral cases are seen in
45% [9]. Most lattice degenerations are ovoid, with the long axes of lattice running
parallel to the ora serrata. Lattice lesions are usually localized between 11-1 o’clock
and 5-7 o’clock meridians anterior to the equator [14]. Atrophic retinal holes can
be localized in a lattice as a result of progressive retinal thinning [7]. Subsequently,
retinal holes without posterior vitreous detachment, may develop in as many as
35% of these lesions and tends to occur in young myopic patients. Localized retinal
detachments occur only in 2% of cases and, if they do become clinical, expand
relatively slowly. The data from studies reported that the incidence of progression
of lattice degenerations with or without round retinal holes to retinal detachment is
very low in eyes without previous retinal detachment in fellow eye. Treatment is only
recommended in cases of progressive retinal detachments [15].

Lattice can be associated with tractional retinal tears and treatment depends of
the careful examination and patient history. In asymptomatic cases, prophylactic
retinopexy is indicated in aphakic eyes, fellow eyes of patients with retinal detach-
ment, eyes of patients with family history of retinal detachment. In symptomatic
cases preventive treatment is indicated due to relatively high risk of progression to
retinal detachment [16]. Bilateral incidence is reported in 45% of cases which open
the debate whether to treat asymptomatic lattice prophylactically in the contralateral
eye of a patient with history of lattice associated retinal detachment. The risk of
retinal detachment in the contralateral eye is 5% (up to 25% in high myopic eyes
with extensive lattice). To perform prophylactic retinopexy of lattice degeneration
in fellow eyes may reduce the risk of RD two—to threefold, although this has been
under discussion because new retinal breaks often develop in untreated areas or may
occur at the edge of retinopexy scars if a posterior vitreous detachment occurs or
extends [17, 18].

Degenerative (atrophic, senile) retinoschisis is generally benign and sometimes
vision—threating. The schisis is characterized by smooth dome—shaped elevation
of the retinal inner layers in the retinal periphery. The incidence is about 1% of the
population and usually are bilateral located in inferotemporal quadrant. Outer wall
breaks are usually large (greater than 3 disc diameters), round, located posteriorly,
often with rolled edges [19]. If chronic, a ring of pigmentation can be found at the
edge of subretinal fluid accumulation. In contrast, inner wall breaks are typically
small and round [20]. Outer layer holes occur in approximately 17% and inner layer
holes in less than 4% of cases. The large size and posterior location of outer wall
breaks increase the amenability to laser prophylaxis, however, studies suggest that
outer wall breaks usually remain stable [19, 20]. To develop progressive retinal
detachment, (less than 2.5%), breaks should be found in both the inner and outer
retinal layers. Prophylactic therapy (laser retinopexy) may not be beneficial, since
the schisis may progress through the treated area or may develop in new areas.
Treatment is indicated if patients have symptomatic, progressive RD [19-21].
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Another risk factor leading to retinal detachment is a giant retinal tear, defined as
a full-thickness neurosensory retinal break that extends 3 clock hours (90°) or more
around the circumference of the globe and has rolled edges. Its incidence in large
population—based studies has been estimated in 1.5% of rhegmatogenous retinal
detachments, bilateral in 12.8% of cases. Most giant retinal tears are idiopathic—
trauma, hereditary vitreoretinopathies and high myopia are less frequent causative
factors. Non-traumatic giant retinal tears are often associated with a high rate of
vitreoretinal pathology in the fellow eye. The incidence of retinal tears of fellow
eyes is 59%, and the progression to retinal detachment is reported in nearly 18%
[22]. Prophylactic treatment under these circumstances may be considered but there
is no firm evidence of its efficacy at the present time. Similarly, a strong evidence is
lacking whether prophylactic laser in infectious retinitis leads to prevention of retinal
detachment and containment of retinitis spread.

Laser retinopexy is an outpatient procedure performed under local anesthesia
with usually three rows of moderately visible laser spots surrounding the break
(Figs. 9.1, 9.2 and 9.3). Follow-up examination takes place at an estimated formation
of chorioretinal scarring (7—14 days) or earlier if visual symptoms worsen. Additional
laser can be added with extension of the retinal tear or subretinal fluid increase. Laser
retinopexy can be done using either slit-lamp delivery via contact lens or via indirect
ophthalmoscope laser delivery. Intraoperative laser is performed at the time of pars
plana vitrectomy surgery where both drainage retinotomy and peripheral retinal tears
are surrounded by laser applications followed by intraocular endotamponade.
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Chapter 10 ®)
Laser Treatment of Vitreous Floaters Geda

Maram E. A. Abdalla Elsayed and Igor Kozak

The vitreous is an extended, translucent, fibrillar meshwork of extracellular matrix
situated between the lens and the retina, circa 4.0 mL in volume and encompassing
approximately 80% of the overall volume of the globe. Immuno-cytochemistry and
western blot analysis have revealed that the vitreous is composed of collagens II,
V/XI, IX, and XVIII, and the non-collagenous components fibrillin, fibronectin,
opticin, and tenascin. The collagens and fibrillin create the dominant extracel-
lular structure whilst the long arrays of glycosaminoglycans (high-molecular-weight
carbohydrate polymer) help bind water molecules. Type IX collagen in particular
has chondroitin sulfate glycosaminoglycan chains attached to it which spread away
from the fibril surfaces and separate the collagen fibrils, thus thwarting aggregation
of fibrils. This delicate composition preserves the gelatinous nature of the vitreous:
maintaining its optical transparency (interfibrillar spacing minimizes the scattering
of light); providing the intraocular pressure that is necessary for maintaining the
apposition of the retina to the retinal pigment epithelium; and acting as a “shock
absorber,” during rapid eye movements. Additionally, the vitreous happens to be a
storage area for metabolites for the retina and lens and provides a conduit for the
movement of these substances within the eye [1, 2].

Ordinarily, the vitreous body has adhesions to the vitreous base, optic disk, major
vessels, and the macula. However, with age, cross-linkage between collagen fibers
results in collagen aggregation which leads to formation of heterogeneous zones of
density within the vitreous. This reorganization is named syneresis and eventually
may lead to detachment of the posterior vitreous—a posterior vitreous detachment
(PVD). This is due to the formation of liquid pockets that enter the potential space
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between the vitreous and the retina forcing its parting. The vitreous collapses and
relocates to behind the lens. Such a detachment of posterior hyaloid from the vitreo-
retinal interface influences the fluid dynamics within the vitreous cavity, giving rise to
a greater flux of molecules between the vitreous cavity and the retina. Based on their
size these may be seen as “floaters”. Local gradients are also dissipated consequent
to the rise in molecular diffusion within the vitreous cavity. It is worth noting that
symptomatic floaters in an eye with an attached vitreous hyaloid may be produced
by the pathological infiltration of cellular or acellular material into the vitreous such
as in uveitis or intraocular lymphomas [1, 2].

Floaters result from the scattering of incident photons by the collagen aggre-
gates that consist of thick, irregular fibres, or from scattering by the glial tissues
of epi-papillary origin. They result form entoptic phenomena as shadows are cast
upon the retina. The vitreous opacities can be of different sizes and shapes and can
also induce glare sensitivity and may even decrease objectively-measured contrast
sensitivity. Symptomatic floaters are one of the most diagnosed conditions in adults.
The perception of floaters can be especially troublesome for patients if they inconve-
niently reside close to the centre of the visual axis and are more obvious when seen
against a light-coloured background such as a white wall or clear sky. A Weiss ring
is a distinct type of floater associated with PVDs which consists of the glial remnants
of a previous vitreo-papillary attachment. These rings may cast a particularly dense
solitary shadow onto the retina, which patients usually describe as round or semicir-
cular in shape. These floaters can have significant clinical and prognostic relevance
if YAG laser vitreolysis is attempted [1, 2].

Schulz-Key et al. have estimated the incidence of symptomatic vitreous opacities
as 3.1/100 000 per year based in their cohort [3]. Increasing age is a strong risk factor
for the development of PVD and remarkably, it has been highlighted that 80% of
elderly patient’s eyes on the day of admission for cataract surgery have evidence of
partial or complete posterior vitreous detachment on optical coherence tomography.
In people who either experience both flashes and floaters or just floaters, PVD has
occurred in 89% and 40%, respectively, demonstrating the robust association between
posterior vitreous detachment and symptomatic floaters [4—6].

Recent evidence confirms that a sizeable cohort of patients experience remark-
able infuriation as a result of these vitreous floaters with a significant impact on
their quality of life. Wagle et al. demonstrate that patients experiencing symp-
tomatic floaters in the absence of other co-morbidities were willing to decrease
their remaining life by 11% to become asymptomatic; and were willing to undertake
a procedure with an 11% mortality rate and 7% risk of blindness if the procedure
guaranteed successful elimination of their symptoms. It was shown that patients were
willing to make greater sacrifices to alleviate these symptoms than to cure age-related
macular degeneration or glaucoma, and that their bothersome effect on quality of life
has been found to be as profound as the effects of diabetic retinopathy, colon cancer,
mild angina, mild stroke and asymptomatic human immunodeficiency virus infection
[7].

The authors further report that patients were bothered by their floaters regardless
of their chronicity putting to rest the notion that with significant lengths of time,
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patients would adapt to their symptoms through central adaptation or through anterior
migration of these structures which causes them to become less in focus and hence
minimally debilitating. The utility values in their study did not demonstrate any
significant relationship with duration of symptoms, presence of a posterior vitreous
detachment, and presence or severity of myopia [7, 8]. It may therefore, be judicious
to consider how this visually disabling condition can be effectively managed to
alleviate its impact on the patient’s quality of life, especially as they are particularly
bothersome to individuals who have high levels of psychosocial stress and as they are
becoming more widespread due to the increasing prevalence of myopia worldwide.
In myopia in particular, patients may become symptomatic at a younger age due
to the fact that the vitreous changes arise earlier in life in such eyes. Furthermore,
myopes may experience more disturbing symptoms due the magnification of the
retinal image.

For the mild, asymptomatic floaters found incidentally, the treatment remains
observation and for the severe, diffuse, dense floaters, a vitrectomy may be indicated.
However, it is in the middle of this spectrum where the bulk of patients lie. Various
treatment options have been described for symptomatic vitreous opacities including
neodymium-doped yttrium aluminium garnet (Nd:YAG) laser vitreolysis, cataract
surgery combined with deep anterior vitrectomy and pars plana vitrectomy. New
floaters are usually treated conservatively, and laser treatment is not usually indicated
until the floaters stabilize in size and density [9—11].

Photo-disruptive lasers are a relatively non-invasive option for treatment as
opposed to vitreoretinal surgery. With intense pulses of short duration laser focused
on the opaque vitreous floaters, it is possible to raise the temperature of these confined
spots to excessive degrees, producing plasma and hence disintegration of these
lesions. This either results in less aberrant light transmission through the vitreous,
or the displacement of this vitreous area to a zone outside of the patient’s visual axis
providing the patient with immediate symptomatic relief. Only sharply-defined and
relatively small objects can be treated in this manner and typically, Nd: YAG laser
directed through the mydriatic pupil is utilized for this purpose [9-11].

There is no consensus protocol for the YAG vitreolysis procedure. The energy
of the application would naturally be dependent on both position and density of the
floater. Published series have revealed a mean number of 218-564 laser shots (and
a mean total power of 366.7-3,384 mJ) being required in single laser sessions. It
would be beneficial for future randomized control trials to determine relevant laser
pulse duration, laser power intensity, total number of laser shots, and the anatomical
location of the laser shots in relation to the distance from the eye’s visual axis,
posterior lens capsule, and retina. Some clinicians may prefer multiple sittings rather
than one session to avoid utilizing a large amount of energy all at once which may
result in intraocular pressure spikes [12—-14].

Even though the safety of the procedure has been established by several studies,
possible side effects of YAG vitreolysis include increased symptomatic floaters,
intraocular pressure elevation, lens opacities, posterior capsule damage in phakic
patients and retinal tears or detachments [15—17]. Karickhoff’s long-term studies
have shown success rates of 92% and higher and complication rates as low as 0.1%
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[18]. More recently, a randomized clinical trial by Shah and Heier evaluated 52
patients who had symptomatic PVD with complete Weiss ring, of which 36 patients
were randomized to YAG vitreolysis and 16 were randomized to a sham YAG laser
procedure. 53% of the YAG vitreolysis patients reported a significant or complete
resolution of symptoms compared to none in the sham arm at 6 months follow-up (P <
0.001). An extended follow-up study beyond 6 months revealed that 8.6% of patients
in the treatment arm went on to develop a retinal tear [19]. In contrast, Mason et al.
[20] reported a high success rate, with 94% of patients reporting their experience
as a complete success and 92% of patients reporting either no symptoms or very
mild symptoms following pars plana vitrectomy (PPV) for symptomatic vitreous
floaters. Sebag et al. [21] reported on 76 eyes with vitreous floaters undergoing PPV
and prospectively evaluated contrast sensitivity in 16 of these patients. They report
complete symptom resolution in 93.8% patients in the surgical arm of the study. The
patients would, however, be exposed to the known possible complications associated
with PPV which encompass secondary retinal complications, endophthalmitis and
possible anesthesia complications.

Presently, there are ongoing and completed clinical trials that compare Nd:YAG
laser vitreolysis to ‘sham’ Nd:YAG laser vitreolysis for symptomatic floaters
(NCT01970267; NCT02812004; NCT02897583) however, these studies were not
designed to analyse how Nd:YAG laser vitreolysis compares to pars plana vitrec-
tomy for the treatment of symptomatic floaters. There are currently no randomized
control trials that compare Nd: YAG laser vitreolysis with pars plana vitrectomy and
these are desperately required to accurately evaluate the efficacy of this procedure
and its safety profile. Numerous complications have been described following laser
floaterectomy including retinal and lenticular damage [22-24]. While some can be
attributed to physician’s learning curve, the effects of high power YAG laser applied
to moving structures inside the vitreous cavity cannot be underestimated. These can
be safely avoided performing surgical vitreous removal. A recent Cochrane Review
aiming to find out whether laser or vitrectomy is the most effective and safe treatment
for vitreous floaters, however, concluded that ophthalmologists do not have strong
evidence to recommend pars plana vitrectomy over Nd: YAG laser vitreolysis (or visa
versa) for the treatment of symptomatic floaters [25].
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Chapter 11 ®)
Ischemic Peripheral Retinopathies i

Maciej Gawecki® and Andrzej Grzybowski

Introduction

Laser photocoagulation of the retina is applied in a group of clinical entities, which
vary in their etiology but share one most important characteristic: they present with
areas of peripheral hypoperfusion. As the goals and the technique of treatment are
alike in those cases, we decided to characterize them in one chapter.

Consequences of peripheral hypoperfusion

Occurrence of retinal hypoperfusion in different clinical entities has a consequence in
the risk of development of complications, ratio of which depends mainly on the extent
of ischemic areas. A good example of such relationship is classification of central
retinal vein occlusion, which indicated ischemic type of CRVO with the 10 DA
(disc areas) or more of hypo-perfused retina diagnosed on classic 7-field fluorescein
angiography (FA) [1]. Vast retinal ischemia induces production of proangiogenic
cytokines, and if untreated, may lead to retinal neovascularization (branch retinal vein
occlusion) or anterior segment neovascularization (in case of central retinal vein
occlusion). Untreated retinal neovascularization usually progresses to proliferation
of fibrovascular membranes and vitreoretinal traction. Possible consequences of such
scenario include retinal tears and retinal detachment as well as vitreal or subhyaloid
haemorrhages.
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Diagnostics

Detection of peripheral ischemia requires the use of proper diagnostic tools. First step
should always include examination of the fundus in stereoscopic image, often with the
help of contact panfundoscope lens, typically used for panretinal photocoagulation
(PRP). The use of wide field lenses enables to detect changes at the retinal periphery
that are not visible with standard Volk lenses, such as retinal neovascularization or
vessels devoid of blood flow.

The second, most reliable diagnostic modality for detection of peripheral
ischemia, is fluorescein angiography (FA) of the fundus, preferable ultra-wide field
(UWF). Obtained images reveal dark peripheral areas devoid of capillaries and
possibly areas of leakage in case of neovascularization. UWF-FA exams are more
sensitive in detecting such changes as they cover the field of approximately 200°
compared to 45-60° with standard 7-field FA. Thus, while using standard equipment
it has to be remembered that some areas of hypoperfusion might be omitted due to
optical limitations of the device.

Cases complicated by vitreous hemorrhage, epiretinal membranes or suspected
of retinal traction and/or retinal detachment always require ultrasound examination
of the eyeball, especially if located at the far periphery.

In case of concomitant occurrence of macular edema, spectral domain optical
coherence tomography (SD-OCT) should be performed.

Treatment options

Treatment of peripheral ischemia in the course of different clinical entities involves
some similar options that are presented below. It has to be remembered though,
that besides these typical procedures described below, there are available therapeutic
strategies specific for each retinal disorder.

Laser photocoagulation

Mechanism of action of laser photocoagulation (LPC) against retinal ischemia is
usually explained by the oxygen theory [2]. Destruction of photoreceptors reduces
retinal need for oxygen and in consequence a decrease in production of angiogenic
factors is noted [3]. Traditionally, retinal laser scars serve as bridges for the oxygen
to pass from the choroid to inner retinal layers, hence retinal oxygenation improves.
Taken altogether, the LPC procedure reduces the risk of retinal neovascularization
or induces regression of already existing neovascularization.

Technique

Typically, treatment involves areas of hypoperfusion detected in FA, not the whole
peripheral retina. Nevertheless panretinal photocoagulation (PRP) remains an option
in cases with extensive areas of non-perfusion or complicated by anterior segment
neovascularization. Treatment protocols and laser parameters can be adopted from
DRS recommendations for proliferative diabetic retinopathy or treatment of BRVO
[4, 5].
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An example of LPC protocol:

Spot size at the retina: 500 pm

Spacing: usually 1 spot diameter

Duration: 0.1 s

Power: adjusted to obtain retinal whitening (take caution—laser power at the
periphery should be significantly reduced).

Anti—VEGF treatment

Anti-VEGEF intravitreal treatment can be used as an adjunct to LPC in cases with
aggressive neoavascularization (NV) or retinal edema that potentially decreases the
quality of laser photocoagulation. Usually, anti-VEGF injection is applied prior to
LPC in order to reduce the intensity and pace of progression of NV and/or retinal
edema in the place of planned LPC. Anti-VEGF treatment can also be an option in
cases with initial neovascularization, where they can lead to its regression without the
need for LPC or pars plana vitrectomy (PPV). It has to be remembered though, that
cases with extensive vitreoretinal neovascular membranes treated with anti-VEGF
may contract after regression of their vessels and cause tractional retinal detachment.
Nevertheless, anti-VEGF is also used before planned surgical treatment to reduce
possible intraoperative bleeding and improve the quality of PPV.

Pars plana vitrectomy

Extensive retinal ischemia elicits proliferation of fibrovascular membranes that may
cause significant vitreoretinal traction and lead to retinal tears, hemorrhages and
retinal detachment. Therefore, cases burdened with significant retinal traction, retinal
detachment or non-resorbing vitreous or subhyaloidal heamorrhage, which obscure
the visualization of the peripheral retina, require surgical treatment, usually PPV.
PPV is also required in cases with macular involvement: epiretinal membranes or
macular edema with vitreoretinal traction.

LPC in Specific Ischemic Retinopathies

Sickle cell retinopathy (SCR)

SCR is a consequence of sickle cell disease (SCD), which is a group of inherited
hemoglobinopathies that affect multiple organs, eyeballs included. SCD is the most
prevalent in African descent patients, less in Hispanic—descent and the least frequent
in white population [6]. The pathophysiology of the disease relies on anomalous
composition of hemoglobin, that causes abnormal shape of red blood cells. Due to
conversion of soluble hemoglobin into crystalline hemoglobin they become sickle-
shape, and rigid, thus prone to occlude small vessels. This factor, together with
adhesive properties of endothelial cells due to hypoxia, leads to hypoperfusion of
peripheral retina [7]. Depending on the extend of hypoxia, changes occurring in the
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retina can have non-proliferative or proliferative character (NPSR—non proliferative
sickle cell retinopathy or PSR—proliferative sickle cell retinopathy).

Grading of SCR into 5 stages was developed by MF Goldberg in 1971 [8]. First
two refer to non-proliferative changes such as peripheral arterial occlusion (stage I)
and peripheral arteriovenous anastomoses (stage II). The latter three classify more
advanced lesions: neovascular and fibrous proliferations with characteristic fan-shape
present at the posterior border of nonperfusion (stage III), vitreous hemorrhage (stage
IV) and tractional retinal detachment (stage V).

Treatment

The goal of treatment in SCR is to avoid to progression to stages IV and V. Screening
for SCR in SCD patients begins at age 10 and includes referral to an ophthalmologist
for a dilated eye examination. Rescreening is scheduled at one- to two-year intervals
for persons without retinopathy [9, 10]. Nowadays, UWF-FA is recommended for
screening and monitoring of SCR patients [11].

Scatter LPC is recommended for patients with large, vascularized sea fan areas
of neovascularization, enlarging sea-fans, monocular patients and/or patients with
advanced retinopathy in the collateral eye and in patients with predicted poor compli-
ance. Small sea-fan lesions can be closely monitored without LPC, as they might
spontaneously infarct and regress in 30% [12]. It has to be remembered, that LPC in
SCR reduces the risk of vitreous hemorrhage, however it does not prevent formation
of new sea-fan lesions [13, 14].

Typically, LPC is applied to areas of non-perfused retina, transitional zone
between perfused and non-perfused retina and posterior to that zone [15]. LPC of
nonperfused areas without neovascularization is not recommended. So far there are
no strong recommendations for anti-VEGF treatment in SCR, however it is used to
speed-up resolution of vitreous hemorrhage (VH) and enable to perform LPC [16].
Otherwise, it can be applied to control cases with extensive neovascularization or
before vitrectomy, to reduce intraoperative bleeding.

Surgical treatment in SCR is burdened with potential iatrogenic complications
due to altered consistency of the retina, susceptible to breaks. Thus, it is reserved
for cases with vision-threatening retinopathy, in whom other treatment modalities
were not effective. Indications for posterior vitrectomy in SCR include non-clearing
vitreous hemorrhage, retinal detachment, symptomatic epiretinal membrane, macular
hole and vitreomacular traction [17].

Position of laser in the treatment of SCR

Scatter LPC is the first line of treatment in SCR with anti-VEGF therapy serving as
an auxiliary procedure.



11 Ischemic Peripheral Retinopathies 211

Idiopathic retinal vasculitis (IRV)

Retinal vasculitis is often thought to be associated mainly with systemic disease or
specific ocular disease, however, epidemiological studies prove that most of retinal
vasculitis cases are idiopathic [18, 19]. IRV was characterized in a large retrospective
study by Graham et al. in 1989 [20]. Most of patients in that study were diagnosed
with fundus examinations and FA and presented with peripheral vascular sheathing
(64%) and macular edema (60%). Anterior uveitis and pigmentary changes at the
fundus were observed in 33%. Capillary closure on FA was noted in 23% of cases and
retinal neovascularization in 16%. Later study from 2017 by Sharief et al. analyzed
retrospectively 236 cases of uveitis with retinal vasculitis [21]. Among that cohort
idiopathic cases sustained 43.6% and ischemic vasculitis type accounted for 18.6%
of the whole group.

Treatment

Treatment of idiopathic uveitis with peripheral vasculitis is symptomatic and involves
topical, periocular and systemic anti-inflammatory and immunosuppressive drugs.

LPC is the primary form of treatment of ischemic type of idiopathic vasculitis in
patients with retinal neovascularization.

Position of LPC in the treatment of IRV

LPC is the primary form of treatment in cases with retinal neovascularization.

Inflammatory diseases with peripheral retinal vasculitis

Retinal ischemia can occur in the course of inflammatory disease with peripheral
retinal vasculitis. That includes a large range of different disorders of variable
etiopathogenesis, both local ocular and systemic. These entities bare some simi-
larities according to their course and staging. Hereunder we will present the general
overview of these disorders followed by specific remarks towards more common
entities from that group.

The frequency of occurrence of ischemic type vasculitis in different clinical entities
is not easy to be evaluated. Most of the disorders associated with this symptom are
quite rare, so statistical analysis is not always possible. In mentioned earlier large
material by Sharief et al. among 1169 patients with uveitis, 236 eyes had vasculitis,
including 121 of ischemic type [21]. In that group 38% of cases were idiopathic, 19%
were associated with tuberculosis hypersensitivity (Eales’s disease, tuberculosis),
13% with Adamantiades-Behcet’s disease, 9% with systemic lupus erythematosus
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(SLE) and 7% with sarcoidosis. Each of the remaining clinical entities occurred in
this cohort with frequency under 3%. Below we present the list of most important
entities occurring with peripheral vasculitis and associated relative incidences of
retinal ischemia.

List of diseases with peripheral vasculitis is presented in Table 11.1 [22].

All of the above disorders typically have a common course that involves the
following stages (signs) [74]:

1. Inflammation. This stage is recognized by the presence of sheathing around
vessel wall, perivascular infiltrates (in some cases severe—frosted branch angi-
itis), retinal edema, hemorrhages, cotton-wool spots, cystoid macular edema and
inflammatory infiltrates in the vitreous (concomitant symptoms vary depending
on the clinical entity). Certain clinical entities, such as toxoplasmosis and most
of viral vasculitis, may present with retinal necrosis.

2. Retinal ischemia. This stage is noted in case of presence of peripheral scle-
rotic vessels and tortuous collaterals. Fluorescein angiography (preferable UWF)
shows areas devoid of capillary perfusion, however without neovascularization.

3. Neovascularization. Pathological vessels are seen at the periphery, usually
accompanied by vitreous or preretinal hemorrhage. FA shows intensive leakage
from neovascular vessels.

4. Complications. They develop usually in untreated and/or long-standing cases
and include non-resorbing vitreous hemorrhage, vitreoretinal traction, retinal
detachment (tractional, rhematogenous or combined, epiretinal membranes,
neovascular glaucoma, neovascularization of iris etc.).

Every case of retinal vasculitis require treatment specific for the etiopathogenesis.
Infectious types of vasculitis need anti-bacterial, anti-viral or anti-parasitic treatment
in active phase of the disease. Topical, periocular or systemic steroids are applied in
systemic variants of that disease or in combination with specific drugs in infectious
diseases to taper the inflammatory reaction and in cases with macular involvement.
Sometimes immunosuppressants are prescribed in non-infectious types of vasculitis.

Laser scatter photocoagulation is typically applied at the proliferative stage;
however, it is sometimes permissable in cases with large areas of hypoperfusion
without neovascularization. Cases with extensive NV and vitreoretinal complications
usually require pars plana vitrectomy.

Intraocular tuberculosis (I0TB)

Retinal vasculitis may occur due to active tuberculous infection or hyperreactivity
to tuberculoprotein (Eales’ disease) [75]. Definite diagnosis would require vitreous
sample, so usually it is presumptive. IOTB is prevalent in Asia and in that region,
it typically affects Asian Indian young males. Patients with IOTB develop gran-
ulomatous anterior uveitis and intermediate and posterior uveitis. Typical retinal
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Table 11.1 List of most important retinal diseases with peripheral vasculitis together with the
frequency of occurrence of retinal hypoperfusion nad neovascularization

Disease Predominant Relative incidence of retinal
vessel type hypoperfusion/neovascularization in
involvement cases with vasculitis

Infectious

Bacterial Tuberculosis [23] Veins High

Syphilis [24] Arteries and High
veins

Lyme disease [25, 26] | Arteries and Low
veins

Whipple’s disease Arteries Low

[27]

Brucellosis [28] Arteries and Low
veins

Cat-scratch disease Arteries Low

[29]

Viral Herpes simplex Arteries Low
Varicella zoster [30, | Arteries Low
31]

Human T-cell Veins Low
lymphoma [32]

Rift Valley fever Veins Low
virus [33]

HIV (acquired Arteries and Low
immunodeficiency veins

syndrome) [34]

West Nile [35] Arteries High
Acute retinal necrosis | Arteries

[36]

PORN (progressive | Arteries low
outer retinal necrosis)

[37]

Cytomegalovirus Arteries Low
[38]

Infectious Arteries and Low
mononucleosis [39] | veins

Fungal Coccidiomycosis Arteries and Low

[40] veins
Candidiasis [41] Arteries and Low
veins

Parasitic Toxoplasmosis [42] | Arteries and Low
veins

Toxocariasis [43] Veins Low

(continued)



214

Table 11.1 (continued)

M. Gawecki and A. Grzybowski

Disease Predominant Relative incidence of retinal
vessel type hypoperfusion/neovascularization in
involvement cases with vasculitis

Amoebiasis [44] Arteries and Low
veins

Rickettsia Mediterranean Arteries Low

spotted fever [45]

Local-ocular

Eales’ disease [46] Veins High

Pars planitis (idiopathic) [47] Veins High

Birdshot chorioretinopathy [48] Veins Low

Vogt-Koyanagi-Harada syndrome [49] | Arteries and low
veins

IRVAN retinal vasculitis, aneurysm and | Arteries High

neuroretinitis [50]

Idiopathic recurrent arterial branch Arteries Low

retinal occlusion [51]

Acute multifocal hemorrhagic retinal | Arteries and Low

vasculitis [52] veins

Systemic disease

Adamantiades-Behcet’s disease [53] Veins High

Sarcoidosis [54] Veins High

Wegener’s granulomatosis [55] Arteries and Low
veins

Systemic lupus erythomatosus [56] Arteries High

Relapsing polychondritis [57] Arteries and Low
veins

Takayasu disease [58] Arteries High

Polyarteritis nodosa [59] Arteries High

Crohn’s disease [60] Arteries and High
veins

Sjogren syndrome [61] Arteries Low

Rheumatoid arthritis [62] Arteries and High
veins

Dermatomyositis [63] Arteries High

Multiple sclerosis [64] Veins High if uveitis present

Buerger’s disease [65] Arteries and Low
veins

Seronegative arthritis [66] Arteries and Low
veins

Churg-Strauss syndrome [67] Arteries High

(continued)
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Table 11.1 (continued)

Disease Predominant Relative incidence of retinal
vessel type hypoperfusion/neovascularization in
involvement cases with vasculitis

HLA-27 associated uveitis [68] Veins Low

APS—antiphospholipid syndrome [69] | Arteries and High
veins

Malignancy

Ocular lymphoma [70] Arteries and Low
veins

Paraneoplastic syndromes Veins Low

Acute leukemia [71] Arteries and Low
veins

Cancer-associated retinopathy [72, 73] | Arteries and Low

veins

complication is periphlebitis, which results in vein occlusion and can be compli-
cated by retinal neovascularization even in 29% of cases, as reported in one study
[76]. The mechanism behind the vein occlusion is edema of the optic disc or inflam-
matory hyperreaction to tuberculoprotein. Patients present with thick exudates and
hemorrhages, observed in a few quadrants (central retinal vein occlusion (CRVO is
possible)) [77].

Treatment

Active infection in IOTB always require systemic anti-tuberculosis treatment. Diag-
nosis is confirmed by skin test and culture of Mycobacterium tuberculosis from
body fluids. Cases complicated by NV require PRP with possible auxiliary anti-
VEGF injections. It has to be remembered, that peripheral capillary non-perfusion
may cause development of NV with recurrent intravitreal hemorrhages despite lack
of signs of inflammation, that receded after treatment [78]. Non-resorbing vitreal
hemorrhages and its vitreoretinal complications usually need surgical treatment with
PPV.

Position of LPC in the treatment of IOTB

PRP is a choice of treatment in cases complicated by retinal neovascularization.
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Eales’ disease (ED)

Among peripheral vasculopathies Eales disease is more common and as such requires
larger description. It is defined as idiopathic inflammatory retinal venous occlusion
characterized by a triad of findings: venous inflammation (periphlebitis), vascular
occlusion and retinal neovascularization. Characteristic feature of ED are recurrent
vitreous hemorrhages, which are responsible for visual loss in that entity. ED typically
affects young males in the second or third decade of life [79]. Majority of cases
are noted in India and Middle-East countries, however ED occurs worldwide. The
location of vascular changes is mid-periphery and far-periphery. Typically, as much
as 50-90% of patients develop bilateral form of the disease, however unilateral cases
are also noted [80].

The pathophysiological sequelae in ED involves inflammation and occlusion of
peripheral veins, retinal ischemia, subsequent development of retinal neovascular-
ization and recurrent vitreous hemorrhages. The etiology of described processes
is unclear, however at present the concept of immunological reaction to exoge-
nous factor (ex. tuberculoprotein after exposure to Mycobacterium tuberculosis)
has gained wide support [81, 82]. Patients usually present with decrease of vision
and floaters, due to vitreous hemorrhages. Macular involvement (macular edema,
epiretinal membranes) is not common; however, it may occur in some cases [83].
Patients’ examination usually reveals overlap of different phases of the disease, espe-
cially as regression of new vessels and recanalization of previously occluded ones
is also possible. Therefore, a clear staging system is difficult to be outlined, never-
theless it has been proposed [84]. First stage covers peripheral phlebitis with retinal
hemorrhage, second capillary nonperfusion with or without revascularization, third—
fibrovascular proliferation with possible vitreous hemorrhage, fourth—tractional or
combined tractional/rhematogenous retinal detachment followed by rubeosis iridis,
neovascular glaucoma and complicated cataract.

Diagnostic methods in ED include fluorescein angiography, preferably UWF for
detection of peripheral vascular abnormalities, ultrasound examination to evaluate
vitreous hemorrhage and peripheral retinal traction and SD-OCT to assess macular
involvement.

Differential diagnosis aims to exclude other entities with autoimmune peripheral
vasculitis (such as sarcoidosis, multiple sclerosis, Adamantiades-Behcet disease, pars
planitis, HIV related retinal inflammation, systemic lupus erythematosus, aneurysms
and neuroretinitis (IRVAN), polyarteritis nodosa, Wegener’s granulomatosis, Crohn’s
disease), infectious diseases (syphilis, tuberculosis, Lyme disease), leukemia and
congenital (such as familial exudative vitreoretinopathy).
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Treatment

Treatment of Eales disease is symptomatic and depends on the stage of the disease
[85]. The goal of treatment is to reduce vascular inflammation and vitritis, prevent
occurrence of vitreous hemorrhage in proliferative stage and clear persistent vitreous
hemorrhage or remove vitreoretinal traction. Thus, treatment modalities involve anti-
inflammatory agents, laser ablation of hyperperfused retina, anti-VEGF intravitreal
injections and vitreoretinal surgery. Systemic and/or periocular or intravitreal steroids
are used in active forms of vasculitis, especially if widespread or macula threatening
[86]. The doses are tapered as periphlebitis regresses. Intravitreal anti-VEGF are
helpful in cases with initial neovascularization and may prevent pars plana vitrectomy
[87, 88].

Laser PRP proved effective in preventing visual loss from ED [89, 90]. Scatter
LPC is applied to the areas of retinal hypoperfusion, focal LPC is used to treat flat
retinal neovascularization and it is permittable to treat directly neovascular fronds
into vitreal cavity [91]. Regression of neovascularization was noted in more than
80% of cases. The question whether to perform a full PRP or treat non-perfused
retina only is still debatable. Das et al. advocate the use of moderate laser power
and limited extend of scatter photocoagulation. It is not determined, either, whether
LPC is efficient in pre-proliferative stage of the disease [92]. Stages with vitreoretinal
traction, extensive epiretinal membranes, non-clearing vitreous hemorrhage or retinal
detachment require pars plana vitrectomy. Application of endolaser photocoagulation
is mandatory in all such cases. The prognosis after PPV in Eales disease is good,
with improvement of visual acuity in majority of cases [93].

Position of laser in the treatment of Eales disease

LPC is the mainstay of treatment in proliferative stage of the disease.

Sarcoidosis

Sarcoidosis is a systemic inflammatory disease characterized by formation of
noncaseating granulomas. It can affect any organ, however usually it is recognized in
lungs, skin and lymphatic nodes. Diagnosis is made on the basis of histological confir-
mation of affected tissue, examination of the lungs, level of angiotensin converting
enzyme (ACE) and exclusion of other granulomatous diseases, such as tuberculosis
and syphilis. Ocular involvement in sarcoidosis is relatively high, as it is reported at
12-76% in different studies [94-96]. The most common manifestation of sarcoidosis
is uveitis, reported in 30-70% of cases [97]. It may locate in anterior, intermediate or
posterior segment, with bilateral anterior involvement occurring most frequently. It
usually presents with pain, conjunctival redness, iris nodules, keratic precipitates and
anterior and posterior synechiae. Intermediate uveitis typically causes floaters, infil-
trates, snowballs and snowbanks in the vitreous. Posterior uveitis, usually bilateral,
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bares very characteristic features, such as periphlebitis and perivascular exudates
described as “candle wax drippings”.

Treatment

The mainstay of treatment of sarcoid uveitis involves application of systemic, peri-
ocular or topical steroids. Long-term cases may require immunosuppressive agents.
LPC is applied in cases complicated by retinal neovascularization which are not
extremely rare [98]. Cases complicated by macular edema usually are treated with
steroid intravitreal implants, anti-VEGF injections or PPV.

Position of LPC

LPC is the treatment of choice in cases complicated with retinal N'V.

Systemic lupus erythematosus (SLE)

SLE is a systemic disease characterized by formation of immune-complexes that
deposit in vessel walls, subsequent activation of complement and fibrinoid cascade
that add to vessel occlusion. Consequence of that processes is vessel damage visible
as vasculitis and occlusion of different caliber of vessels, mainly arteries [99]. Symp-
toms occur in different organs and include arthritis, myocarditis, nephritis, Raynaud’s
phenomenon and retinopathy.

Retinopathy is the major sight threatening ocular finding in SLE, occurring in
2-30% of SLE patients, depending on the study [100, 101]. Incidence of retinopathy
increases with the presence of risk factors, such as anticardiolipin antibodies, involve-
ment of central nervous system, serum carnitine level and activity of SLE. Occurrence
of NV is reported at 40% of cases with occlusive retinopathy [102]. Severe visual
loss (BCVA < 6/60) is noted in 55% of such cases.

Treatment

SLE treatment usually requires systemic treatment with steroids and immunosuppres-
sants. Patient who developed ischemic retinopathy with NV are treated with LCP,
however this procedure proves to be less effective in SLE than in other ischemic
retinopathies. Stabilization of vision after PRP was reported only in 54% of treated
patients [103]. Adjunct of intravitreal anti- VEGF was reported effective in treatment
of neovascularization in the course of SLE in a few case reports and is recommended
in eyes with extensive NV [103, 104]. Nevertheless anti-VEGF drugs should be used
in caution in patients with concomitant ischemic maculopathy [105].
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Position of LPC

LPC is a treatment of choice in proliferative retinopathy secondary to SLE, usually
combined with systemic medication and possible adjunct of anti-VEGF.

Antiphospholipid syndrome (APS)

APS is an autoimmune disease characterized by the presence of antiphospho-
lipid antibodies (lupus anticoagulant-LA, anti-cardiolipin antibodies-aCL and anti-
B 2 glycoprotein-I) which is associated with vascular thrombosis of both veins
and arteries, miscarriage and thrombocytopenia [106]. Vascular thrombosis most
frequently affects lower limbs (deep venous thrombosis), less often lungs and brain.
APS typically affects young and middle-aged adults, more commonly women. It
can occur in its primary form, when no other systemic diseases are recognized, or
secondary, when it is accompanied by comorbid disorders, most commonly SLE.
Interestingly, as high as 22.5% of cases with vascular occlusive events with retinal
thrombosis without other risk factors were reported to have anticardiolipin antibodies
[107]. Occurrence of ocular symptoms in APS is high, so ophthalmic assessment
is crucial for proper patient’s management [108]. Neuro-ophthalmologic manifesta-
tions are not uncommon in APS and include arteritic and non-arteritic ischemic optic
neuropathy, ocular motility disorders and central nervous system infarctions. Ante-
rior segment manifestations may include conjunctivitis sicca, conjunctival telang-
iectasis and punctate epithelial keratopathy. Anterior uveitis is usually associated
with posterior segment involvement, which is relatively common in APS. Retinal
findings include venous tortuosity, retinal hemorrhages, microaneurysms and cotton
wool-spots. Retinal ischemia as usual should be evaluated with FA. SD-OCT reveals
paracentral acute middle maculopathy in spot corresponding to occlusion of micro-
circulation. More advanced vascular pathologies include central and branch retinal
vein occlusion as well as central or branch artery occlusion [109]. Characteristically,
in APS retinal vein occlusion do not occur with arterial/venous crossing sign, but
may present in multiple locations at the fundus [110]. Similarly, arterial occlusion in
APS is not associated with vessel bifurcations. Risk of RVO in APS is significantly
increased with higher levels of antiphospholipid antibodies [111]. Other ophthalmic
symptoms noted less frequently in the presence of antiphospholipid antibodies are
retinal vasculitis, vitritis and posterior scleritis [112].

Treatment

Primary treatment of APS aims at prevention of thrombotic events associated with
antiphospholipid antibodies, thus is conducted with application of anticoagulants.
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Special care is needed for patients with the history of vascular thrombosis, in whom
anticoagulation therapy is carried out for life [113].

Complications of vascular occlusive disease with significant ischemia, such as
neovascular glaucoma or retinal neovascularization, require LPC as primary form
of treatment, with possible adjunct of anti-VEGF therapies. There is no accepted
preventive ocular treatment for APS.

Position of LPC in the treatment of APS

LPC is the treatment of choice in retinal neovascularization or neovascular glaucoma
in the course of APS. Anti-VEGF injections may serve as an adjunct.

Adamantiades-Behcet disease (ABD)

ABD belongs to spectrum of HLA-B51 associated systemic inflammatory disor-
ders. Major international criteria for recognition of ABD are the following: recur-
rent oral ulceration (major symptom), genital ulcerations, eye lesions, skin lesions
and positive pathergy tests (concomitant syndromes out of which two are necessary
for the diagnosis) [114]. Ocular symptoms occur usually later than ulcerations and
include anterior uveitis, vitreous infiltrates, retinal hemorrhages and infiltrates, non-
granulomatous necrotizing retinal vasculitis with possible vessel occlusion. Risk of
incidence of macular edema in ocular ABD is high. BRVO has been reported as first
manifestation of ocular ABD in relatively high percentage of patients (28%) as well
as occlusive vasculitis (21%) while CRVO or CRAO are less frequent [115]. Develop-
ment of neovascularization in ABD depends on two factors, intensity of inflammation
and retinal ischemia. In a study by Tugan-Tutkul on neovascularization at the disc
occurring in the course of ABD, 87% of NVD cases were inflammation-induced and
only 13% ischemia induced [116]. In a large retrospective study by the same author
(880 patients and 1567 eyes) incidence of NV in patients with uveitis was 4% [117].

Treatment

Primary treatment of ABD are corticosteroids and immunosuppressive drugs.
Usually, acute onset is targeted with systemic corticosteroids and chronic phase
with combination of steroids and immunomodulatory medications. Laser photoco-
agulation can be effective in ischemia induced neovascularization. Regression of NV
was noted in majority of LPC treated eyes [118].

Position of LPC in the treatment of ABD

Aucxiliary therapy in cases with retinal ischemia.
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Ocular ischemic syndrome (OIS)

OIS is a rare entity occurring twice more frequently in males than females, usually
in sixth decade of life and rarely before 50 [119]. The pathogenesis of OIS includes
carotid artery occlusion or stenosis leading to impaired perfusion of the eyeball. The
disease always involves systemic aspects, such as atherosclerosis and possibility of
cerebral infarction [120]. The severity of OIS corresponds to the degree of stenosis,
laterality (bilateral cases are more severe), disease chronicity and presence or absence
of collateral vessels at the fundus [121].

Diagnosis is made on the basis of ocular symptoms, fundus appearance and
ancillary tests, such as fluorescein angiography, electroretinography and imaging
of carotid arteries and retrobulbar vessels.

Patients usually present with visual loss, transient visual loss and ischemic pain.
Decreased visual acuity is noted in majority of patients, while transient visual loss
concerns about 10-15% of patients. Pain is reported by 40% of patients affected by
OIS. Usually, origin of pain in OIS is ocular ischemia and as such pain is described
as dull, constant, overtaking the orbit, face and temple. Secondary origin of pain in
OIS can be increased intraocular pressure due to neovascular glaucoma.

Fundus appearance varies depending on the severity of ischemia, starting from
widening of veins and narrowing of arteries, midperipheral hemorrhages, telang-
iectasias and arteriovenous anastomoses, cotton wool spots to more serious signs,
like neovascularization on the disc, neovascularization elsewhere and vitreous
hemorrhages.

Appearance of anterior segment depends on the duration of ischemia and devel-
opment of its complications. Sole rubeosis iridis and signs of neovascular glaucoma
are noted in short-standing cases, however long-standing ischemia can lead to irido-
cyclitis, complicated cataracts, corneal edema and melting and anterior and posterior
synechiae.

OIS should be differentiated from other vascular retinal disorders, such as
diabetic retinopathy, hypertensive retinopathy, central retinal vein occlusion and
hyperviscosity syndromes.

Treatment

Treatment in OIS aims to minimize ocular complications, prevent systemic compli-
cations and improve flow through carotid arteries.

Ocular treatment should control inflammation with anti- inflammatory topical
and systemic drugs and cycloplegics, that stabilize blood-aqueous barrier. Increase
in IOP should be treated with topical medications, preferable beta-blockers and
alfa-agonists, avoiding prostaglandins, anticholinergic medications and pilocarpine
that exacerbate inflammatory reaction. Surgical procedures are recommended in
unresponsive cases, especially in neovascular glaucoma.
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The other important target of ocular management is retinal ischemia, that can
be treated with panretinal photocoagulation. PRP might prevent development of
neovascular glaucoma in certain cases. In eyes with poor visualization of the fundus
retinal cryopexy or transscleral diode retinopexy should be considered.

Anti-VEGEF therapy is used as an adjunct to PRP in cases with rubeosis iridis and
in cases complicated by cystoid macular edema.

Systemic treatment in OIS should be conducted by general practitioners and
neurologist. Despite targeting systemic disorders, itinvolves changing of the lifestyle,
cessation of smoking and weight reduction.

Surgical treatment of carotid arteries (endarterectomy or stenting) is conducted
by specialists in the field.

Position of LPC in the treatment of OIS

PRP is used for treatment of retinal ischemia in cases with good visualization of the
fundus.

Carotid cavernous fistula (CCF)

CCF s aresult of an abnormal connection between internal (ICA) or external carotid
artery (ECA) and the cavernous sinus. CCFs are classified according to their anatomy,
hemodynamics and etiology [122]. Direct CCFs are characterized by a straight
connection between ICA and cavernous sinus. On the other hand, indirect or dural
CCFs, present with a connection between meningeal branches of ICA, ECA or both
and cavernous sinus. Taking into account fistulas’ hemodynamics, CCFs can be clas-
sified as high flow or low flow. Etiological division distinguishes traumatic and spon-
taneous types of CCF. Spontaneous type is significantly less frequent than posttrau-
matic (about 30%) and occurs predominantly in postmenopausal women burdened
with atherosclerosis, hypertension or collagen related disorders [123]. These cases
are more often dural and low-flow. Traumatic CCFs are usually direct, high flow and
occur in younger patients.

Ocular symptoms are a result of obstruction of venous drainage from the orbit
and impaired arterial perfusion. Patients may present with symptoms of diplopia,
headache and vision loss. Possible ophthalmic findings include proptosis, pulsatile
exophthalmos, eyelid swelling, conjunctival chemosis and arterialization of conjunc-
tival vessels, ophthalmoplegia, especially paresis of abducens nerve, pupillary
abnormalities and elevated intraocular pressure. Fundus examination may reveal
papilledema, dilated retinal veins, ischemic optic neuropathy, central retinal vein
occlusion, or choroidal detachment.

Diagnostics in CCF is based on cerebral imaging, especially cerebral angiography,
however CT and magnetic resonance imaging (MRI) might also be helpful.
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Treatment

Direct CCFs require surgical treatment aiming to close the abnormal communication,
preferably with endovascular approach. Dural CCFs can be observed for spontaneous
closure, however due to significant improvement in neurointerventional techniques,
surgical treatment is often preferred as initial treatment as well.

Ophthalmic treatment

Elevated intraocular pressure (IOP) is usually successfully controlled with topical
medication and only in rare cases surgical filtering procedures are required. Some-
times peripheral iridotomy is performed in cases of pupillary block. CCF can be
complicated by venous stasis retinopathy, central retinal vein occlusion and subse-
quent neovascular glaucoma [124, 125]. Such cases are usually initially treated with
PRP [126]. Same treatment is applied in rare cases of proliferative retinopathy in
patients with CCF [127, 128].

Position of LPC in the treatment of CCF

PRP is required in cases with neovascular glaucoma and proliferative retinopathy.

Proliferative hypertension retinopathy (PHR)

The term “proliferative hypertensive retinopathy” is relatively young, as it was first
proposed in 2016 with the presentation of case report by Stryjewski et al. [129]. It
refers to cases of hypertensive retinopathy complicated by retinal neovascularization
in the absence of vein occlusions or other vascular complications that would explain
the occurrence of NV in a patient with systemic arterial hypertension (SAH). So far
only a few case reports of such phenomenon were published [130-132]. The cause
of retinal NV in SAH is thought to be up-regulation of growth factors in the course
of retinal ischemia occurring as a result of vasculopathy. Disease affects young
patients with poorly controlled blood pressure in the course of SAH. Ophthalmic
examination reveals multiple fundus changes typical of hypertensive retinopathy,
including hemorrhages, cotton-wool spots, hard exudates, vein widening and arte-
rioles narrowing, together with areas of neovascularization at the disc or located at
the periphery and possible vitreous hemorrhage. Fluorescein angiography enables to
precisely visualize areas of non-perfusion and neovascularization.

Treatment

As only a few cases were reported, there are no strong preferences towards manage-
ment of PHR. Both PRP and anti-VEGF treatment were reported effective in
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achieving regression of NV, either in monotherapy or combined treatment [133].
Nevertheless, PRP seems to be the first choice treatment modality for some authors
[130].

Position of LPC in the treatment of PHR

LPC is a mainstay of treatment in PHR with possible auxiliary anti-VEGF treatment.

Peripheral exudative hemorrhagic chorioretinopathy (PEHC)

PEHC is a group of chorioretinal disorders similar to exudative form of age-related
macular degeneration but occurring at the retinal periphery. It was first described in
1980 by Annesley [134]. In the contrary to peripheral retinal vasculopathies associ-
ated with purely retinal neovascular proliferations, in PEHC abnormal choroidal
circulation contributes significantly to the development of neovascularization.
Etiology of that clinical entity is unknow, however main risk factors include advanced
age and systemic arterial hypertension.

PEHC presents with variety of symptoms at the fundus, among which peripheral
hemorrhagic retinal pigment detachment is the most common [135]. Other find-
ings include retinal tears, subretinal fibrosis, subretinal hemorrhage, subretinal fluid,
lipid exudations and vitreal hemorrhage. Sometimes subretinal hemorrhage or fluid
extends towards macular region [136]. Most of the patients have choroidal polyps
detected on ICGA, which resembles the course of polypoidal choroidal vasculopathy
(PCV).

Diagnosis of PEHC should be based on multimodal imaging and include FA,
ICGA (preferably UWF) and ultrasound examination. SD-OCT is required in
cases with macular involvement. PEHC is often misdiagnosed with ocular tumors,
especially choroidal melanoma.

Treatment

Some of PEHC cases have self-limiting course that ends-up with disciform scar
formation. Such patients require close observation only [137]. Treatment is indi-
cated in cases with non-resorbing vitreous hemorrhage and/or retinal traction and
macular involvement and include the following procedures: anti-VEGF injections
(most often), LPC, cryotherapy, photodynamic therapy (PDT) and PPV [138, 139].
Visual improvements are noted in cases treated with PPV.

Position of LPC in the treatment of PEHC

LPC has an auxiliary role in the treatment of PEHC in cases with detectable peripheral
neovessel network [140].
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Hiperviscosity syndromes (HVS)

HVS constitutes a clinical scenario characteristic for a group of systemic disorders
with increased blood viscosity, such as Waldenstrom macroglobulinemia, multiple
myeloma, leukemias, polycythemia and myeloproliferative disorders. Typically,
presentation of HVS include mucosal bleeding, decline of vision and neurological
symptoms, sometimes also cardiorespiratory symptoms.

Ocular changes observed in HVS are a consequence of occlusion of retinal vessels
due to increased blood viscosity and increased risk of formation of arterial clots and
vein thrombosis. These include retinal vein occlusions, peripheral retinal ischemia
with periphlebitis, venous dilation and hemorrhages and macular edema [141-144].
The abnormal retinal circulation can be observed even in absence of subjective
ocular symptoms [145]. Among additional symptoms conjunctival infiltration is
worth mentioning.

HVS are recognized primarily by the blood test that reveal increased blood
viscosity and abnormal blood cell count and results of bone marrow biopsy.

Treatment

Primary treatment for HVS depends on the etiology of a specific disorder and include
intravascular procedures such as plasmapheresis. Systemic corticosteroids and cyto-
statics are also used. LPC is applied for the complications of HVS occurring with
retinal ischemia, that is retinal neovascularization [146, 147].

Position of LPC in the treatment of HVS

LPC has plays arole in rare cases of HVS complicated by retinal neovascularization.

Familial exudative vitreoretinopathy (FEVR)

FEVR is a group of hereditary diseases characterized by abnormal vascularization
of peripheral retina with subsequent ischemia and development of vasoproliferative
lesions. FEVR bares resemblance to retinopathy of prematurity, however it occurs in
children born full-term and with normal birthweight [148]. Typically, it is bilateral
but asymmetric disease were also reported. Mean age of onset is 6 years; however,
it can present in adultery as well. Pathogenesis of FEVR relies on development of
peripheral retinal ischemia that triggers vasoproliferative reaction with consecutive
possible vitreoretrinal traction, dragging of the vessels, retinal folds, hemorrhages,
retinal tears and retinal detachment. Moreover, FEVR is associated with increased
permeability of retinal vessel, what can lead to subretinal exudation and exudative
retinal detachment. Staging of FEVR was proposed by Pendergast et al. [149] who
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specified the following phases: (1) avascular retinal periphery, (2) panretinal neovas-
cularization with or without exudate, (3) macular sparing retinal detachment with or
without exudate, (4) macula-involving retinal detachment with or without exudate
and (5) total retinal detachment. FEVR severity depends on the age of presentation
and its course is characterized by active phases and relapses. Younger patients develop
more serious changes, nevertheless retinal detachment may occur many years after
initial presentation. Thus, FEVR patients require regular follow-up visits, in fact
throughout life. Fluorescein angiography, preferably UWF is a basic diagnostic tool,
that enables to recognize and follow FEVR. FA shows the areas of non-perfusion, in
particular the border between perfused and avascular retina, anastomoses, abnormal-
ities of the course of the vessels and retinal neovascularization. Potential peripheral
vitreoretinal traction can be assessed with the ultrasound exam. SD-OCT is used in
cases complicated by macular edema, epiretinal membranes and/or traction in the
macular area.

Treatment

Treatment should be guided by the staging of the disease. Stage 1 usually can be
observed, however cases, in which the other eye has lost sight may be treated with
PRP. Stage 2 requires PRP in both exudative and non-exudative form. Stages 3-5
usually require surgical treatment with PPV [150, 151].

Anti-VEGF injections were reported as alternative to retinal ablation, nevertheless
such reports are scarce [152, 153]. Besides, it has to be borne in mind, that anti-VEGF
treatment can provoke intensive fibrous traction after regression of neo-vessels and
patient will still require surgical treatment.

Position of LPC in the treatment of FEVR

PRP is the mainstay of treatment of FEVR in stage 2 and sometimes in stage 1.

Incontinentia pigmenti (IP)

IP or Bloch-Sulzberger syndrome is an X-linked dominant disease. Most of patients
(97%) are female, as male affected fetuses do not survive [154]. The disorder is
described as ectodermal dysplasia and affects skin, teeth, nails, hair, eyes and neuro-
logical system. It presents at birth or in early childhood with characteristic vesiculob-
ullous skin lesions that gradually progress to verrucous stage, followed by hyperpig-
mented stage and finally hypopigmented stage. Patients require neurological assess-
ment, as neurological abnormalities, such as convulsive disorders, spastic paralysis,
motor retardation, and mental retardation occur in up to 30% of cases [155]. Dental
examination is also required in patients with IP, as teeth abnormalities are found in
70% of patients. Ocular involvement is noted in 35-40% of patients with IP [156].
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Retinal lesions are a result of occlusion of small arteries with subsequent ischemia
and possible retinal neovascularization [157]. Changes can progress to development
of vitreoretinal traction and retinal detachment, which is typically noted in the first six
years of child’s life and very rarely occurs in older age. Retinal ischemia may extend
to the macular area with characteristic cherry red spot sign. Optic nerve atrophy and
foveal hypoplasia were also reported in IP. Cortical blindness is rare, but possible
early in the course of IP. Other ocular findings in IP include cataracts, uveitis, stra-
bismus and nystagmus. IP bares similarities to FEVRROP, Eales disease and SCR
and should be differentiated from these diseases, however usually characteristic skin
lesions determine the diagnosis. Ophthalmic assessment typically requires general
anesthesia and include fundus evaluation, FA and SD-OCT.

Treatment

Treatment of IP requires multidisciplinary approach and involves dermatologic,
neurologic, ophthalmic, genetic and dental diagnostics and treatment. Management
of IP is usually symptomatic and supportive. Ophthalmic treatment involves LPC
or cryotherapy of the avascular retina performed in similar fashion as in ROP [158,
159]. Treatment with anti-VEGF injections has been also reported effective in a few
cases, but needs evaluation in larger studies [160]. Surgical treatment is reserved for
retinal detachment cases.

Position of LPC in the treatment of IP

PRP is crucial for treatment of avascular zones of the retina.

Norrie disease (ND)

Norrie disease is a rare, genetic, X-linked recessive disorder that exclusively affects
males, with female carriers. ND results from the mutation of Norrie Disease
Neuroglioma (NDP) gene involved in development of vascularization of inner ear
and retina [161]. Retinal anomalies are primary symptoms in ND usually leading
to blindness at birth or soon after. Pathological vascularization of the retina leads to
development of fibrovascular tissue, intravitreal hemorrhages and tractional retinal
detachment. Loss of retinal ganglion cells is also noted in ND cases [162]. Most
of the patients present with total or partial retinal detachment. Retina appears as
dense, globular and dysplastic tissue, avascular at the periphery. Characteristically,
the changes are bilateral and symmetric, often present at birth. Usually, diagnosis is
made soon after birth, as retinal lesions occur in utero. If retinal detachment develops,
leukocoria is the major sign provoking further diagnostics. Other ocular abnormali-
ties that may be present, include cataract, atrophy of the iris, anterior and posterior
synechiae and shallow anterior chamber. In the course of ND secondary glaucoma,
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band-keratopathy and finally phthisis bulbi may also occur [163]. Diagnosis is made
on the basis of physical examination, fundus evaluation, ultrasound exam and results
of antenatal testing. Symptoms from other systems in ND include progressive hearing
loss with the onset in the second decade of life, abnormal sleep—wake cycles and
behavioral disturbances. Significant variance in concomitant symptoms is noted and
rarely all of them are present in one child.

Treatment

ND requires multidisciplinary approach including ophthalmologists, audiologists,
pediatricians and genetic counselling. Antenatal testing is necessary to plan treatment
soon after child’s birth or plan preterm delivery [164]. Most of the patients require
early surgery for total or partial retinal detachment [165, 166]. Sometimes preterm
delivery is planned in ND to deliver early laser photocoagulation of neovascular
retina before the retinal detachment develops [164, 167, 168].

Position of LPC in the treatment of ND

LPC is reported to preserve some vision in patients with planned preterm delivery in
ND.

Talc retinopathy

Talc retinopathy is a rare finding noted in long term intravenous drug users. Talc
is used as a filler in oral medications and narcotics (ex. heroin). It is described
as embolic condition of small arteries and capillaries in the inner retina. Fundus
examination reveals characteristic crystal deposits in the posterior pole. These debris
are also visible as hyperreflective foci on SD-OCT exam [169]. Fundus examination
findings may persist for years, without progression or retinal complications [170-
172]. Nevertheless, in few cases emboli cause significant retinal ischemia followed
by retinal neovascularization [173, 174]. Singular reports on rapid neovascularization
of optic nerve disc and peripheral retina after intravenous injection of drug are also
available [175].

Diagnosis is made on the basis of medical history of drug abuse, fluorescein
angiography that reveals areas of retinal non-perfusion and neovascularization and
SD-OCT findings [176].

Treatment

Tale retinopathy is rare condition, so recommendations for its treatment have to base
on case reports and commonly accepted rules for ophthalmic surgery. Therefore,
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treatment of this retinopathy should be related to the extent of retinal neovascular-
ization and vitreous hemorrhage. Cases without vitreoretinal traction with good visu-
alization of the fundus are treated with PRP, while more advanced cases complicated
by vitreoretinal abnormalities require PPV.

Position of LPC in the treatment of talc retinopathy

LPC is a primary form of treatment for cases complicated by retinal neovasculariza-
tion without significant vitreoretinal traction.

Radiation retinopathy (RR)

Radiation retinopathy may develop after exposure to any type of radiation, including
external source (treatment of orbital, paranasal or nasopharyngeal tumors) or
internal—after brachytherapy. Occurrence of RR is dose-dependent. Although there
are no precise thresholds, increase in RR is noted with radiation doses between 15
and 60 GY, while clear increase is noted above 45 GY dose. Fractioning of radia-
tion dose significantly diminishes the incidence of RR [177]. Typically RR appears
6 months to 3 years after exposure to radiation [178].

Typical fundus signs for RR are microaneurysms, telangiectasias, hard exudates,
cotton-wool spots, macular edema, optic disc edema, neovascularization and vitreous
hemorrhage, sometimes even retinal detachment. Other possible ocular features
include cataract, neovascularization of iris and angle. Patients may present asymp-
tomatic in cases of mild RR or report decline of vision and floaters in well-developed
RR.

Diagnosis is made on the basis of medical history, fundus appearance and auxil-
iary exams, such as fluorescein angiography for detection of leakage sites, capillary
non-perfusion and neovascularization as well as SD-OCT for evaluation of macular
changes (Fig. 11.1).
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Fig. 11.1 Ocularischemic syndrome. A Color photograph of the fundus shows pale optic disc. B FA
reveals delayed filling of retinal vessels. C Photograph of anterior segment presents rubeosis iridis
and nuclear cataract. D FA of the anterior segment reveals leakage from irideal neovascularization

Treatment

Primary treatment for macular changes of vascular origin in RR are intravitreal ther-
apies with anti-VEGF agents or corticosteroids [179—181]. Nevertheless, to maintain
vision (improvements are rarely reported) patients require repeated injections.

PRP or scatter laser photocoagulation is used for proliferative and non-
proliferative RR [182, 183]. Regression of retinopathy was noted in more than 60%
of patients in both cited studies. Successful combined treatments of anti-VEGF plus
LPC are also reported [184]. Recent randomized controlled trial analyzing regres-
sion of RR after intravitreal ranibizumab versus PRP proved similar effects for both
modalities at one year [185]. Cases with non-resorbing vitreous hemorrhage or retinal
detachment require PPV.
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Position of LPC in the treatment of RR

Nowadays LPC serves as primary procedure for the treatment of neovascular RR at
the retinal periphery.
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Chapter 12 ®)
Laser Treatment of Retinopathy oo
of Prematurity

Katsan Sergey, Adakhovska Anastasiia, and Igor Kozak

The first data on the successful treatment of ROP became known in 1990 thanks
to the multicenter CRYO-ROP study, where transscleral cryocoagulation was used
as a treatment for the threshold stage of ROP [1]. This study compared the results
of cryotherapy with no treatment. The follow-up of the study lasted for 15 years
(examinations were carried out at 3 months, 1; 3.5; 5.5; 10 and 15 years), thus
providing the first data on the long-term structural and functional parameters of ROP
treatment [2]. CRYO-ROP data showed that in 3 months after cryotherapy, there were
fewer undesirable structural outcomes, including retinal detachment in the treatment
group than in the naturally occurring ROP group. However, the percentage of eyes
with adverse outcomes increased over time in both groups: from 25.1% at one year
to 30.0% at 15 years in the group of children receiving cryotherapy; from 44.7%
to 51.9% in the group with natural ROP, which prompted the search for new more
effective treatment methods [1, 2].

With the advent of laser technologies, a new method of ROP treatment—Ilaser
photocoagulation of avascular zones of the retina, gradually began to be introduced
into practice [3]. According to long-term structural and functional results, laser coag-
ulation was less traumatic and more effective treatment method than cryotherapy.
According to a randomized study of patients with bilateral threshold ROP conducted
by Connolly et al., in which cryocoagulation was performed in one eye and transpupil-
lary diode laser photocoagulation—in the fellow eye, the effectiveness of laser treat-
ment exceeded 6,91 times the effectiveness of cryocoagulation during the observation
period of 4.3—7.6 years. At the same time, after laser photocoagulation of the retina,
higher visual functions are noted, which was also a great advantage of using laser
when treating ROP [4]. Differences between laser photocoagulation of the retina
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and cryocoagulation were most noticeable in eyes with ROP localization in zone
I; a favorable anatomical result was observed in 83% of cases of laser treatment,
cryocoagulation—only in 25% of eyes with ROP in zone 1. After laser photoco-
agulation, a significantly better indicator of visual acuity was achieved compared
with cryotherapy [5]. When performing laser intervention, the risk of postoperative
systemic and ocular complications is minimal compared to cryotherapy. In addition,
laser applications are visible during treatment, which minimizes the risk of missing
areas, that need treatment. Thus, laser photocoagulation of the avascular areas of the
retina over the next 10 years almost completely supplanted cryotherapy.

Because of the development and introduction into clinical practice of less invasive
methods of treatment, transconjunctival and transpupillary diode laser photocoag-
ulation of the retina has become widely used. But in view of the fact, that a large
number of complications were observed during treatment at the threshold stage of
ROP, it became necessary to conduct a new large-scale study, during which results of
ROP treatment using laser photocoagulation of avascular zones of the retina would
be evaluated before the threshold stage of the disease sets in [6]. This is how the
study on early treatment of ROP, ETROP, has evolved [6, 7].

The aim of ETROP was to study the effect of early ROP treatment on retinal
structural changes and visual acuity. To do this, 401 children with a high risk of
progression of bilateral ROP underwent laser photocoagulation of the retina in one
eye at the prethreshold stage, in the pair - traditionally (the control group), that
is, at the stage of the development of threshold ROP (in 84 cases of asymmetric
ROP of high risk, eyes were randomized to early or conventional treatment). As a
result of laser photocoagulation by the 9th month of life, functional (visual acuity
according to Teller Table) and structural results of treatment were evaluated in 372
children (on 664 and 659 eyes). The highest percentage of ROP cases was recorded
with stage 3 in zone II with “Plus” disease (42.1% in the group, where treatment
was carried out at the prethreshold stage, and 43.7% in the control group), as well
as with stage 1-2 in zone I with no “Plus” disease (27.4% in the group, where
treatment was carried out at the prethreshold stage, and 26.1% in the control group).
By 9 months of age, there was a significant functional and structural outcome in
the high-risk ROP group treated at the prethreshold stage compared with the group
treated later (14.3 and 19.8%, (p < 0.005); 9.0% and 15.6%, (p < 0.001)). When
evaluating the functional result, a significant difference in the treatment performed
at the prethreshold stage rather than at the threshold was noted in eyes with stage 3
ROP in zone I with or without “Plus” disease (30.8% had an unfavorable result versus
53.8%); a relatively significant difference was noted in children with stage 1-2 ROP
in zone I without “Plus” disease (10.5% vs. 15.8%), with stage 3 ROP in zone II with
“Plus” disease (15.3% vs. 18.0%), with stage 2 ROP in zone II with “Plus” disease
(14.7% vs. 17.6%); insignificant difference in children with ROP stage 1-2 in zone |
with “Plus” disease (22.2% of adverse outcome for both groups) and ROP stage 3 in
zone II without “Plus” disease (no cases of adverse outcome for both groups). When
evaluating the structural result, a significant difference in the treatment performed
at the prethreshold stage rather than at the threshold was noted in eyes with stage
3 ROP in zone I with or without “Plus” disease (29.6% had an unfavorable result
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versus 55.6%); a relatively significant difference was noted in children with stage
1-2 ROP in zone I without “Plus” disease (2.7% vs. 9.3%), with stage 3 ROP in zone
II with “Plus” disease (7.3% vs. 10.9%); insignificant difference in children with
stage 2 ROP in zone II with “Plus” disease (20.6% for both groups), stage 1-2 ROP
in zone I with “Plus” disease (22.2% adverse outcome for both groups) [6].

After careful analysis of the data of the ETROP study, two groups of patients
with prethreshold ROP were identified: type I (patients in need of early treatment),
type II (patients, who can be observed). Such a division into types was not provided
before the start of the study and was its result. The analysis of the obtained data
became the basis for the creation of a clinical algorithm, where the type I and type
II of prethreshold ROP is an indication for either treatment or observation. With the
development of type I ROP (zone I, any stage of ROP with signs of “Plus” disease;
zone I, stage 3 ROP with or without signs of “Plus” disease; zone II, stage 2 or
3 ROP with signs of “Plus” disease) laser photocoagulation of the retina should
be performed. In cases of the development of type II ROP (zone I, stage 1 or 2
ROP without “Plus” disease or zone II, stage 3 ROP without “Plus” disease), it is
recommended to continue monitoring and start laser photocoagulation only when
the disease progresses into type I.

Clinical use of separating ROP cases into type I and II reduces the number of
patients in need of treatment. For type I ROP, this indicator was 31.5%, for type II—
77.3% of cases. Thus, the effectiveness of early treatment was statistically proved
only for type I ROP [6].

Results of the state of the retina in 6 years confirmed the effectiveness of early
treatment of ROP at the prethreshold stage of the disease (type I). Positive dynamics
was noted at 6 and 9 months of age and persisted up to 6 years. Thanks to the use
of early treatment, high rates of visual acuity were recorded. In 65.4% of cases,
its number averaged 0.5. Whether this is due to retinal, cortical, or both groups of
factors, it remains unclear.

Thus, early treatment of ROP is most preferable for a number of patients, although
itis not always a guarantee of a favorable outcome of ROP and sufficient visual acuity
[7].

According to Katsan, Pasyechnikova, Adakhovska and others, the effectiveness
of the method of retinal laser photocoagulation in ROP is 95.3 &+ 1.2% [8]. For
treatment, laser with a wavelength of 532 nm was used. Coagulation was carried out
throughout avascular retina in front of the ridge, and so that, burns were located at a
distance of 0.5 of the width of the burn from each other, while achieving a confluent
pattern of applying coagulates. Figure 12.1 shows confluent laser photocoagulation
in zones II and III, performed using a diode-pumped Purepoint Laser semiconductor
laser with a wavelength of 532 nm.

The model according to which laser photocoagulation of the retina is carried
out depends on the choice of the doctor. There is no final consensus regarding the
degree of intensity and the interval between applications. However, over time there
is a tendency to perform denser retinal coagulation in ROP. In a number of studies,
Banach et al. [9], performing laser photocoagulation of the retina in the localization
of the pathological process in zone I and II at threshold stages of ROP, it was found
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Fig. 12.1 Confluent laser photocoagulation in ROP

that during confluent laser photocoagulation of the retina, the frequency of ROP
progression was 3.6% and when applying laser coagulates at a distance of 1-1.5
coagulate diameter—29%. The results indicated, that confluent laser photocoagula-
tion of the retina leads to regression of ROP in a greater percentage of cases and
reduces the rate of disease progression when the process is localized in zone II [9].
Similar data were obtained by Axer-Siegel et al. [10] in confluent laser photocoagu-
lation of the retina with ROP localization in zone I and posterior part of zone II when
disease regression was achieved in 85.4%. Eye complications—edema, chemosis and
maceration of the conjunctiva, the development of cataract, hemorrhages both in the
outer and inner membranes, the formation of preretinal membranes, proliferation in
the optic disc, macula and rarely on the periphery of the retina, iridocyclitis, closure
of the anterior chamber angle with increased intraocular pressure, are comparable
for both confluent laser photocoagulation and coagulation with a scattered pattern
[10]. The problem of this method is the violation of peripheral vision. According to
Quinn et al., treatment at the prethreshold stage of ROP preserves peripheral vision
with only a slight decrease in visual field than if treated at the threshold stage [11].
According to McLoon et al., the extent of the visual fields in the eyes using laser
photocoagulation of the retina was 3—4% less compared to the eyes, when no inter-
vention was performed [12]. While the concentric narrowing of the visual fields is
associated, as a rule, with extensive areas of chorioretinal atrophy after confluent
laser photocoagulation of the retina, when was the active phase of ROP, with the
localization of the process in zone I-II of the fundus of the eye.
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In addition, laser photocoagulation of the retina affects the development of refrac-
tive errors, mostly myopia [13], astigmatism [13] and anisometropia [14] usually
within the first two years of child’s life [15]. According to Quinn et al., myopia
progressed in early ROP treatment and at the threshold stage at 3 years of age, the
prevalence of myopia was similar in both groups, increasing from approximately
58 to 68% between 6 and 9 months of children’s lives. At the same time, intensive
progression of high-grade myopia was noted at the age of 6 months to 3 years [16].
According to Davitt et al., a randomized controlled clinical study of astigmatism in
early ROP treatment and threshold stage at 3 years of age, the prevalence of astigma-
tism > 1.00 dptr was similar in both groups, increasing from about 32% at 6 months
up to 42% at 3 years of age, while the main changes were recorded, as a rule, in
the period from 6 to 9 months. It should be noted, that regular astigmatism was
more often recorded [17]. According to Wiecek et al., the progression of myopia
is much faster in the eyes that underwent laser photocoagulation. The number of
laser burns resulted in the progression of myopia by approximately 0.16 dptr/100
laser burns. The authors also noted, that the stage and zone of ROP had a significant
influence on the progression of ROP, that is, a more severe disease led to a more rapid
progression of myopia [18]. According to a study by Tafadzwa et al., by age 6, 50%
of children treated with laser photocoagulation developed myopia compared with
19% of preterm infants who did not receive treatment (p = 0.013). In the eyes that
had developed myopia, laser burns, on average, occupied 49% (+13) of the retinal
area, compared with 43% (£10) in hypermetropia and 42% (%5) in emmetropia
(p = 0.030). At the same time, a larger area of laser photocoagulation was associated
with a higher degree of myopia and anisometropia (p < 0.050) [19]. It should also
be noted, that, according to observations at the Filatov Institute, the risk of failure
of laser treatment of ROP was significantly higher for patients with ROP localiza-
tion in zone I and aggressive ROP. This category of patients has a severe general
somatic condition, deep morphofunctional immaturity, are on a respirator for a long
time, which aggravates the course of the disease and may affect the outcome of the
treatment performed.

In 2007, the anti-VEGF drug, bevacizumab, was first used in the treatment of
ROP in order to stop pathological vascular activity. Since then, a new direction
in the treatment of ROP has appeared—the intravitreal use of anti-VEGF drugs:
bevacizumab, ranibizumab, etc. [20, 21]. The mechanism of their action is based on
the inhibition of the main vascular growth factor—VEGF, which significantly reduces
the activity of the process and reduces the risk of developing retinal detachment. Thus,
in 2011, BEAT-ROP study, among 75 patients with ROP in zone I who received
bevacizumab, 6% had a relapse of proliferation versus 42% with disease progression
with laser treatment [22]. At the same time, it should be taken into account, that
this group of medicine affects only one vascular growth factor—VEGF and in some
cases may not provide a complete cure, but lead to the suspension of vascular growth
with subsequent neovascularization and, accordingly, the risk of developing retinal
detachment at a later period (at postconceptual age up to 69 weeks). Thus, children
whoreceived intravitreal injections of anti- VEGF drugs require prolonged dispensary
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observation due to long-term incomplete retinal vascularization and a high risk of
late retinal detachment. Nevertheless, the suspension of ROP activity (especially in
very preterm infants) makes it possible to delay the need for retinal coagulation for
some time, during which the general condition of the child may improve significantly
[23, 24].

The BEAT-ROP group did not observe systemic or local side effects due to
the small sample size and short follow-up period. Jalali et al. described serious
complications when intravitreal injection of bevacizumab as an adjuvant therapy for
laser or surgical intervention, including macular retinal tear, retinal rupture caused
by rhegmatogenous retinal detachment, bilateral vascular attenuation, perivascular
exudation, optic neuropathy and progression to stage 5 ROP with bilateral retinal
detachment. In addition, in one case, a side effect of the medicine was noted as a
manifestation of liver dysfunction and a large choroidal rupture in one eye [24].

The VEGEF factor is involved in the normal angiogenesis of other organs, that
develop simultaneously with the retina. According to Sears (2008) the used dosage is
1000 times the concentration required to neutralize the maximum measured concen-
tration of VEGF in the eye. At the same time, the serum concentration of VEGF in
2 weeks after intravitreal injection is 6 times lower than normal [25].

Undoubtedly, the method of intravitreal injection of anti-VEGF drugs is
promising. However, including the potential risk of systemic absorption and subse-
quent adverse effects due to intravitreal administration of anti-VEGF drugs, evidence
of safety outcomes is lacking and that is a major concern.

Laser photocoagulation of the peripheral avascular areas of the retina is a well-
established treatment method of ROP. Despite extensive experience with the use of
laser photocoagulation of the retina when ROP, discussions regarding indications
for its implementation continue. According to Balasubramanian et al., there is no
single protocol for laser treatment of ROP [26]. The solution to this problem is
the objective monitoring of the disease and the search for accurate markers, the
identification of which will be the right indication for laser photocoagulation of the
retina. The effectiveness of the method may depend on many factors—the nature
of the course of ROP, the localization of the process, the timing of treatment, the
morphological and functional immaturity of the child, the presence of concomitant
eye pathology, the nature of postoperative treatment [8, 27].

Thus, it is necessary to observe a differential approach in the choice of treatment
tactics. The normal course of retinopathy of prematurity (zone II-II): a sparing
approach, taking into account vascular activity, reducing trauma, which will reduce
the frequency of late complications and improve functional results. Severe forms
of ROP (threshold stage of the classic form of ROP and aggressive form of ROP)
with extensive avascular zones, require not only to change the technique itself but it
is necessary to work together with neonatologists and develop fundamentally new
approaches to the prevention and treatment of this severe disease.



12

Laser Treatment of Retinopathy of Prematurity 247

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. Cryotherapy for Retinopathy of Prematurity Cooperative Group. Multicenter trial of

cryotherapy for retinopathy of prematurity. One—year outcome—structure and function. Arch
Ophthalmol. 1990;108(10):1408-16.

Palmer EA, Hardy RJ, Dobson V, Phelps DL, Quinn GE, Summers CG. Cryotherapy
for retinopathy of prematurity cooperative Group.15—year outcomes following threshold
retinopathy of prematurity: final results from the multicenter trial of cryotherapy for retinopathy
of prematurity. Arch Ophthalmol. 2005;123(3):311-18.

. Cavalcanti RP, et al. Efficacy and safety of green laser photocoagulation for threshold

retinopathy of prematurity. Arq Bras Oftalmol. 2008;71(1):49-51.

Connolly BP, McNamara JA, Sharma S. A comparison of laser photocoagulation with trans—
scleral cryotherapy in the treatment of threshold retinopathy of prematurity. Ophthalmology.
1998;105(9):1628-31.

Connolly BP, Ng EY, McNamara JA, Regillo CD, Vander JF, Tasman WA. Comparison of laser
photocoagulation with cryotherapy for threshold retinopathy of prematurity at 10 years: Part
2. Refractive outcome. Ophthalmology. 2002;109(5):936—41.

Good WV. Final results of the early treatment for retinopathy of prematurity (ETROP)
randomized trial. Trans Am Ophthalmol Soc. 2004;(102):233-48.

Good WYV, Hardy RJ, Dobson V. Final visual acuity results in the early treatment for retinopathy
of prematurity study. Arch Ophthalmol. 2010;128(6):663-71.

Adakhovska AA, Zaichko ES, Pasechnikova NV, Katsan SV. Risk factors for failure to achieve
a positive result in the treatment of retinopathy of prematurity by confluent laser coagulation.
Ophthalmol East Eur. 2018;8(1):97-107.

Banach MJ, Ferrone PJ, Trese MT. A comparison of dense versus less dense diode
laser photocoagulation patterns for threshold retinopathy of prematurity. Ophthalmology.
2000;107(2):324-327.

Axer-Siegel R, Snir M, Cotlear D, et al. Diode laser treatment of posterior retinopathy of
prematurity. Br J Ophthalmol. 2000;84(12):1383-86.

Quinn EG, Dobson V, Hardy RJ, et al. Visual field extent at 6 years of age in children who had
high-risk prethreshold retinopathy of prematurity. Arch Ophthalmol. 2011;129(2):127-32.
McLoon E, O’Keefe M, McLoon S, et al. Effect of diode laser retinal ablative therapy for
threshold retinopathy of prematurity on the visual field: results of goldmann perimetry at a
mean age of 11 years. J Pediatr Ophthalmol Strabismus. 2007;44(3):170-3.

Quinn GE, Dobson V, Davitt BV et al. Progression of myopia and high myopia in the early
treatment for retinopathy of prematurity study: findings at 4 to 6 years of age. ] AAPOS.
2013;(17):124-8.

Gursoy H, Basmak H, Bilgin B, et al. The effects of mild-to-severe retinopathy of prematurity
on the development of refractive errors and strabismus. Strabismus. 2014;(22):68-73.

Hsieh C, Liu J, Huang J, et al. Refractive outcome of premature infants with or without
retinopathy of prematurity at 2 years of age: a prospective controlled cohort study. Kaohsiung
J Med Sci. 2012;28(4):204-11.

Quinn GE, Dobson V, Davitt BV, et al. Progression of myopia and high myopia in the early
treatment for retinopathy of prematurity study: findings to 3 years of age. Ophthalmology.
2008;115(6):1058-64.

Davitt BV, Dobson V, et al. stigmatism in the early treatment for retinopathy of prematurity
study: findings to 3 years of age. Ophthalmology. 2009;116(2):332-9.

Wiecek E, AkulaJ, Vanderveen D, et al. Longitudinal change of refractive error in retinopathy of
prematurity treated with intravitreal bevacizumab or laser photocoagulation. Invest Ophthalmol
Vis Sci. 2021;(62):3253.

Tafadzwa Y-Z, Magdalena P, Hazel P, et al. Is the severity of refractive error dependent on the
quantity and extent of retinal laser ablation for retinopathy of prematurity? Eye. 2020;(34):
740-5.



248 K. Sergey et al.

20. Gilbert CE, Zin A, Darlow B. Bevacizumab for retinopathy of prematurity. N Engl J Med.
2011;(364):2359-60.

21. Moshfeghi DM, Berrocal AM. Retinopathy of prematurity in the time of bevacizumab:
incorporating the beat-rop results into clinical practice. Ophthalmology. 2011;(118):1227-28.

22. Mintz—Hittner HA, Kennedy KA, Chuang AZ. Efficacy of intravitreal bevacizumab for stage
3+ retinopathy of prematurity. N Engl J Med. 2011;(364):603-15.

23. Alba LE, Zaldua RA, Masini RA. Off-label use of intravitreal bevacizumab for severe
retinopathy of prematurity. Arch Soc Esp Oftalmol. 2015;90(2):81-6.

24. Jalali S, Balakrishnan D, Zeynalova Z, Rani TRPK. Serious adverse events and visual outcomes
of rescue therapy using adjunct bevacizumab to laser and surgery for retinopathy of prematurity.
The Indian twin cities retinopathy of prematurity screening database. Report number 5. Arch
Dis Child Fetal Neonatal Ed. 2013;98:327-33.

25. Sears JE. Anti-vascular endothelial growth factor and retinopathy of prematurity. Br J
Ophthalmol. 2008;92(11):1437-38.

26. Balasubramanian M, Capone, A Jr, Hartnett ME, et al. Photographic screening for retinopathy
of prematurity (Photo—ROP). Retina. 2006;26(7):4-10.

27. Katsan SV. Confluent laser coagulation of the retina in children with aggressive posterior
retinopathy of prematurity. Ophthalmol J Kazakhstan. 2019;56(1-2):55-65.



Chapter 13 ®)
Laser Use for Hyaloidotomy Gzt

Maram E. A. Abdalla Elsayed and Igor Kozak

The vitreous membrane, or hyaloid membrane, is a layer of collagen separating
the vitreous humour from the rest of the eye. Two parts identified anatomically
have clinical significance. The posterior hyaloid membrane separates the rear of the
vitreous from the retina. It is a false anatomical membrane. The anterior hyaloid
membrane separates the front of the vitreous from the lens. Neodymium YAG laser
(Nd:YAG laser) has adequate physical properties to disrupt the hyaloid membrane
where clinically indicated. Nd: YAG laser posterior hyaloidotomy has been indicated
for subhyaloid hemorrhages obscuring vision while anterior hyaloidotomy has been
indicated to relieve malignant glaucoma.

Subhyaloid Haemorrhage

Subhyaloid hemorrhage is a localized vitreous detachment from the retina due to
blood accumulation. Occurring at the macula, this haemorrhage causes deterioration
of visual acuity within a short span of time and is seen on biomicroscopy as a dome-
shaped bleed in the macular area. This is secondary to a multitude of pathologies:

e Retinal vascular disorders eg arteriosclerosis, hypertension, retinal artery or vein
occlusion, diabetic retinopathy, retinal artery macroaneurysms, Eales’ disease,
arterio-venous communications of the retina; sickle cell disease

e Macular neo-vascularisation due to age-related macular degeneration, choriore-
tinitis, presumed ocular histoplasmosis syndrome
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Hematological disorders/coagulopathies eg aplastic anemia, leukemia

Rupture of retinal vasculature eg trauma, Valsalva retinopathy, Terson syndrome,
Purtscher retinopathy

LASIK [1]

Necrotic tumours

A conservative approach to treating subhyaloid hemorrhage is justifiable if the
macula is not involved; however, macular involvement may result in epiretinal
membrane formation, proliferative vitreoretinopathy, and permanent vision loss due
to macular retinal pigment epithelium changes and toxic damage of the photore-
ceptors [2—4]. Epimacular membrane formation appears to be the most common
complication and this is likely due to the stimulatory effect of growth factors on
the entrapped cells along the internal limiting membrane and retinal surface [5, 6].
Spontaneous reabsorption of blood may take one to two months. Although treat-
ment choices must pay careful consideration to the underlying aetiology, in clinical
practice, the primary objective of treatment is elimination of the haemorrhage.

Therapeutic modalities described for treatment of premacular subhyaloid hemor-
rhages include pneumatic displacement of the hemorrhage (with or without tissue
plasminogen activator) and pars plana vitrectomy. These procedures expose the
patient to the known risks associated with retinal surgery including cataract forma-
tion and iatrogenic retinal tears or detachments. Choosing the ideal treatment may be
challenging as there is sparse literature comparing the different treatment modalities
- particularly in different age groups and in cohorts with different underlying disease.

Nd:YAG laser hyaloidotomy is a valid alternative approach that has the benefits of
being a non-invasive, simple outpatient procedure that is less costly than a vitrectomy
[7-11]. It involves perforation of the posterior hyaloid face or the internal limiting
membrane by means of a pulsed laser, allowing the rapid drainage of blood from the
obstructed macular area into the vitreous cavity. A macular lens is used to focus the
laser just anterior to the inferior part of the detached hyaloid; and power is raised, in
increments, from a starting point of approximately 4 mJ until the hyaloid breaks.

With regards considering Nd: YAG laser hyaloidotomy, it is of the upmost impor-
tance to good visualization, ensure ideal positioning of the hyaloidotomy and to
be judicious with the amount of laser energy utilized. One must also take a careful
history from the patient to elicit the timing of the haemorrhage (less than three weeks)
as any delay in laser treatment may undermine the efficacy of the photo-disruptive
procedure due to thrombus formation beneath the internal limiting membrane.

The main complications are the non-resolution of the haemorrhage in a third of
the cases, macular hole or retinal detachment. The risk of macular hole increases in
small hemorrhages since the blood absorbs the energy applied. It is recommended
only in haemorrhages greater than 3 papillary diameters, in an area far from the fovea
and with less than 9 mJ [12, 13] Ulbig et al.’s retrospective review conducted on 21
eyes reported a macular hole in one eye and a retinal detachment from a retinal break
in a myopic patient [14].
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Malignant Glaucoma

Another important use of laser hyaloidotomy (2—3 mJ energy) is in the disruption
of the anterior hyaloid face in malignant glaucoma as an intact hyaloid face is a
significant factor in the pathogenesis of this rare entity [15-17]. Malignant glau-
coma is characterized by shallowing of the central as well as peripheral anterior
chamber in the presence of a patent iridotomy and can induce permanent visual
damage. It is known to be precipitated by wide range of medical or surgical inter-
ventions; including miotics, filtrating glaucoma surgeries, phacoemulsification, laser
iridotomies or capsulotomies, bleb needling and laser cyclophotocoagulation. Initial
management is medical involving topical and systemic hypotensive agents, topical
cycloplegics and topical steroids and is effective in 50% of patients with malignant
glaucoma [18]. Second-line treatment involves disruption of the anterior hyaloid
face to create a conduit between the anterior vitreous and the anterior chamber in
pseudophakic and aphakic patients with malignant glaucoma. In a pseudophakic
patient with a large intraocular lens (IOL) optic, the outcome can be improved by
making the capsular opening through a dialing hole, if present. In phakic patients,
laser hyaloidotomy can potentially be performed through a peripheral iridotomy.
Ultrasound biomicroscopy (UBM) imaging reveals that after laser disruption of the
anterior hyaloid face, the anterior rotation of the ciliary body processes, iridocorneal
touch and the decrease in anterior chamber depth normalize [18, 19]. Clinically, an
improvement, with deepening of the anterior chamber, is usually seen within 24 h.
UBM can facilitate both the diagnosis of malignant glaucoma and the monitoring of
treatment effect [20].

Several studies have reported success with this anterior laser hyaloidotomy in
eyes refractory to medical therapy. Debrouwere et al.’s retrospective case series of
24 eyes with malignant glaucoma reported a recurrence rate of 75% after a laser
capsulotomy and a hyaloidotomy, 75% after a conventional vitrectomy and 66%
after an anterior vitrectomy in combination with an iridectomy—zonulectomy [21].
The authors concluded that the reason for the short-term success and subsequent high
relapse rate was that the primary mechanism of misdirection was not counteracted
adequately and that new aqueous had accumulated in the vitreous cavity. In Dave
et al.’s retrospective case series, Yag laser hyaloidotomy achieved resolution in 7 of
15 eyes (46.7%) with a median time to resolution of 11 days (range, 3—33 days) [22].

Nd:YAG laser anterior hyaloidotomy has also been used in a rare case of triam-
cinolone acetonide entrapment in Berger’s space between the posterior lens capsule
and the anterior hyaloid face after an intravitreal triamcinolone acetonide injection
for clinically significant maculae oedema [23]. Anterior hyaloidotomy allowed the
trapped fluid to flow into the vitreous cavity, restoring visual acuity in an effective and
minimally invasive outpatient procedure avoiding more invasive surgical procedures
such as pars plana vitrectomy with its associated risks. A significant limitation to this
case report is its relatively short follow-up period of only one week. So even though
no complications were observed during this short period, late complications such as
diabetic macular oedema progression or cataractogenesis may occur (Fig. 13.1).
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Fig. 13.1 A Color fundus photograph showing left eye with pre-retinal hemorrhage. Best corrected
visual acuity was 20/100. B Color fundus photograph of the same eye 1 week following Nd:YAG
laser hyaloidotomy. Best corrected visual acuity improved to 20/60. C Color fundus photograph
of the same eye 1 month following the treatment. Best corrected visual acuity improved to 20/40.
(Source Dr. Igor Kozak)
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Chapter 14
The Mechanism of Retinal Laser and Its Grectie
End Result: Neuroprotecion

Jeffrey K. Luttrull

The therapeutic mechanism of retinal laser for the neurodegenerations of the chronic
progressive retinopathies inevitably leads to discussion of neuroprotection because,
as we will argue, neuroprotection is the end-result of retinal laser treatment (for other
than cautery). In the following, the various modes of current retinal laser treatment
will be examined weighing their differences and commonalities, safety and effec-
tiveness, and suitability for the most important indication of retinal laser treatment,
therapy and prevention of the most common causes of irreversible visual loss, via
neuroprotection.

Current Thinking and Approaches to Neuroprotection

It has long been recognized that most patients with open angle glaucoma (OAG), the
third most common cause of irreversible visual loss worldwide after age-related
macular degeneration (AMD) and diabetic retinopathy (DR), continue to suffer
progressive optic nerve dysfunction and visual loss despite intraocular pressure (IOP)
reduction [1, 2]. This suggests the presence of an optic neuropathy associated with,
but independent of, IOP in eyes with OAG. To address this optic nerve dysfunction,
a treatment separate from IOP control is needed to protect the optic nerve against
progressive degeneration. Such a treatment would be, by definition, “neuroprotec-
tive”. Indeed, according to Levin, Crowe, and Quigley, “Within the field of glaucoma
research, neuroprotection is defined as slowing the functional loss in glaucoma by a
mechanism independent of lowering of intraocular pressure” [2]. While the cause of
this neurodegeneration seemingly specific to OAG is unknown, Levin et al. suggest
a number of anatomic targets for neuroprotection, all in the neurosensory retina.
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These include retinal ganglion cells, microglia, astrocytes, Muller cells (macroglia),
and the retinal vasculature. Only drug therapy is given serious consideration as the
answer to achieving this goal [2].

This represents the dominant view of neuroprotection in ophthalmology. It is a
narrow view, focused on the search for effective neuroprotection in glaucoma, on a
narrowly defined target—the neurosensory retina—and narrowly defined solutions
as well—drugs. However, neuroprotection is of widespread interest and concern in all
of medicine. The search for solutions to the most common and prominent neurode-
generative diseases, such as Alzheimer’s disease, is a search for neuroprotection.
The search for measures to mitigate the effects of stroke is a search for effective
neuroprotection. As noted by Sinclair and Schwartz, effective early and preventative
treatment for diabetic retinopathy, which begins as a neuronal inflammatory degen-
eration, will be neuroprotection [3]. In fact, the search for effective treatment and
prevention of visual loss from all chronic progressive retinopathies of all causes is
the search for neuroprotection.

The focus on drug therapy as the ultimate answer to the problem of neuroprotec-
tion, and virtually every other medical problem, is de rigeuer and au courant. This is
such as prevalent view across medicine and in ophthalmology that it sounds absurd
to seriously consider anything else. It has risen to the level of the “self-evident”.
If not drug therapy, what? The focus on drugs as the answer to every problem is
enhanced by the unparalleled influence of the pharmaceutical industry in medicine
and ophthalmology, and in government and society as well. Anyone who has viewed
television in the United States will have witnessed saturation of the airwaves by
drug advertising. The drug focus is facilitated by the group-think common to many
organizations, particularly those that are small and hierarchical, like ophthalmology,
which tends to amplify and codify the views of a few “key opinion leaders”. In such
organizations, the influence of a few can go a long way [4].

Eroom’s Law

Such a highly focused approach to problem solving, as in the search for effective
neuroprotection, is thus problematic. First, we tend to limit our potential solutions
to those at hand from a list of possibilities familiar to us. But if something from the
menu of the known and familiar was effective, we would likely already have some
indication of it. If there is nothing in the familiar that would appear to solve the
problem, then the solution likely lies outside the familiar—*out of the box”. Second,
to focus narrowly is necessarily to simply neglect possibilities that lie outside that
line of focus [4]. As an exercise in the preceding, consider the following assertion:
“Drug therapy is the answer to AMD.” Question: “OK, which drug?” Absent a clear
answer to this question, it behooves us to question the assertion, and consider non-
pharmacologic answers to the problem of AMD. Eroom’s law suggests that, despite
the heavy focus on pharmaceuticals, drug therapy may actually be the least promising
avenue before us [5].
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Moore’s Law describes and for many years has accurately predicted the exponen-
tial increase in computing power over time. Eroom’s Law is the pharmaceutical equiv-
alent of Moore’s Law. However, Eroom’s (Moore spelled backwards) Law states that
the development of new and effective drugs is decreasing at an exponential rate, even
as the cost of these ever also less-effective drugs is exponentially increasing [5]. We
have been spoilt by intravitreal anti-vascular endothelial growth factor (VEGF) drug
therapy into thinking developing safe and effective drugs is simple and straightfor-
ward (and immensely profitable). In fact, intravitreal anti-VEGF therapy is the low-
hanging pharmacologic fruit, an exception that proves the pharmacologic (Eroom’s)
rule. The challenge of binding extracellular factors floating in the vitreous is vastly
simpler than targeted alteration of cell behavior in a specifically desired and clini-
cally beneficial fashion, while also avoiding serious adverse treatment effects. Think
of all the safe and highly effective drugs we have now to prevent just AMD, DR, and
OAG. What drugs, you say? Exactly. Because of commercial pressures and public
demand for cures, approvals of new drugs will be increasingly divorced from their
safety and effectiveness [5—7]. Following on Eroom, new drugs will be increasingly
less safe, less effective and more expensive. Aducanumab-avwa for Alzheimer’s and
brolucizumab for AMD are two recent examples of the phenomenon [6, 7]. Thus,
we are best advised to cast a net wider than drug therapy in the search for useful
neuroprotection.

Neuroprotection Candidates

A number of endogenous factors have been identified with potentially neuropro-
tective properties. These interact with cellular processes including autophagy and
inhibition of aptoptosis, the unfolded protein response, anti-anoikosis, maintenance
and repair of the cytoskeleton, and enhancement of mitrochondrial function [8].
Most clinical trials attempting to identify safe and effective neuroprotective agents
have thus far failed. However, many candidates remain, and more will be identified.
Additional endogenous candidates include human urinary kallidinogenase (HUK),
statins, MCI-186 [3-methyl-1-phenyl-2-pyrazolin-5-one] (a low molecular weight
free radical scavenger that can readily cross the blood-brain barrier and thus blood
retinal barrier) NA-1 (nerinetide; TATNR2BO9c), 3K3A-activated protein C (APC),
GM6, Natalizumab, and Vinpocetine [9].

With regard to glaucoma, no biologic or pharmacologic agent has yet (June 2022)
been proven to be neuroprotective. Topical brimonidine has a number of properties
suggesting possible neuroprotective effects [ 10]. However, there is currently no good
evidence of a clinically significant neuroprotective effect in glaucoma. Although an
RCT of brimonidine vs timolol found significantly less visual field loss in the brimoni-
dine compared to timolol patients treated over a two year study, the study was invali-
dated by premature loss to follow up of a large number of patients in the brimonidine
group [10]. This may have been due to the high incidence of allergic conjunctivitis
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and eye irritation associated with topical ocular brimonidine that may have discour-
aged continue use and trial participation. This illustrates the Achille’s heel of even
effective biologic and pharmacotherapy, encapsulated in Eroom’s Law: the difficultly
of avoiding unintended adverse treatment effects in targeted drug therapy that either
limit or prevent clinical use [5].

Retinal Protection is Neuroprotection

It is helpful to remember that the retina, and optic nerve that originates from
it, are parts of the central nervous system. Thus, chronic progressive diseases of
the retina, like those of the optic nerve, are all neurodegenerations. This includes
the most common causes of irreversible visual loss, AMD, DR, and OAG - the
subject of greatest interest regarding neuroprotection. Thus, the need for effective
neuroprotection applies equally to all [11].

To be neuroprotective a treatment must, by definition, either maintain or improve
(restore, normalize) neurologic function in the face of dysfunction-inducing disease.
Only maintained improved function can reduce or reverse the impetus toward
progressive physical degeneration, which is the end result of chronic, progressive
and/or severe dysfunction, and in the eye, visual loss [8]. If improved retinal function
is retinoprotective and therefore also neuroprotective, and the optic nerve originates
in the retina (mainly the macula), might improved retinal function also improve optic
nerve function and thus be neuroprotective of the optic nerve in glaucoma? Possibly.
But only if the abnormal retinal function was the cause of the optic nerve dysfunction
and degeneration, and only if this retinal dysfunction was reversible.

Light, Laser, and the Retina

At this point it is useful to consider the effects of laser on the retina. There are two
principal light-based retinal therapies, retinal laser and photobiomodulation (PBM).
PBM employs visible light which is absorbed by electrons in the valences of the metal
cofactor cations of the mitochondrial respiratory chain molecules. Absorption of the
photon excites the electron into a higher orbital valence, after which this energy
is radiated again as the electron decays back into its prior energy level valence.
PBM is thus wavelength dependent, non-thermal, and the effects are dependent on
the order of presentation if multiple different wavelengths are employed. The effect
is photoelectric and, by mechanisms not entirely clear, PBM primarily improves
mitochondrial function and thus cell metabolism [11-13]. However, as a rising tide
lifts all ships, improved cell metabolism may pay many dividends. PBM can be
anti-inflammatory and alter gene expression [9]. PBM appears quite safe, using
visible light at normal environmental exposure intensities. The effect of PBM is
generally short-lived, and treatment sessions somewhat prolonged and frequent. In
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small clinical trials, PBM has shown modest effects in dry AMD, but no benefit in
DME [13, 14].

Laser irradiation of the retina is mainly absorbed by melanin in the RPE and
choroid [11-17]. This effect is thermal, rather than photoelectric. Wavelengths below
550um may be absorbed in the neurosensory retina as well, as ionizing radiation
causing free-radical formation with photocytotoxic effects. At higher irradiances,
and thus tissue temperatures, frank thermal photocoagulation may occur, destroying
the retina and visual function, and causing inflammation and scarring [13, 14].

Shorter wavelengths are more energetic than longer laser wavelengths, and also
generally better absorbed by melanin, further amplifying their tissue effects [15-17].
It is thus easier to produce thermal effects, and retinal burns, with shorter wavelength
lasers. Despite this, because the therapeutic effects of retinal laser are mediated
thermally, the clinical results of retinal laser treatment are wavelength independent,
because, as in a statement attributed to the late HR Green regarding photocoagulation,
“a burn is a burn is a burn.” [18, 19].

By shortening the laser exposure duration, heat spread from the locus of absorption
can be reduced. In the extreme, nanosecond lasers are simply photodisruptive to the
RPE, concentrating the thermal effects at the RPE melanin to simply vaporize the cell
as heat dissipation impossible due to the nanosecond laser exposure and temperature
rise [15]. Slightly longer duration exposures, such in the range of 2 microseconds,
produce gas bubble formation at the RPE melanin granules causing internal cavitation
of the RPE and cell death with limited damage to collateral structures. Exposures
longer still, in the range of 40—100 microseconds, such as used by microsecond pulsed
lasers (MPL), may heat the RPE cell via melanin absorption without photodisruption
or cavitation, allowing the cell to be affected by treatment, but survive [15-17, 20].

Because the clinical effects of retinal laser are wavelength independent, the ther-
apeutic effects must necessarily reflect an essential commonality shared by all laser
wavelengths [15-19]. While shorter wavelengths affect both the neurosensory retina
and the RPE, longer wavelengths, like near-infrared 810 nm, are only absorbed by
melanin in the RPE and choroid. The thermal effects of continuous wave (CW)
810 nm occur about 80% in the choroid, and 20% in the RPE, reflecting the gener-
ally higher melanin density in the choroid. By shortening the laser pulses to the MPL
range to limit heat spread, but longer than the photodisruptive or photoablative range,
the RPE can be preserved while increasing the localization of heating to the RPE
(80%) rather than the choroid (20%), reversing the thermal distribution. Thus, by
exclusion, the therapeutic effects of retinal laser treatment at all wavelengths arise
from the commonality of thermal laser effects on the RPE which are sublethal to the
RPE [15-21].

In the photocoagulation era, the universal presumption was that laser-induced
retinal damage (LIRD), such as conventional photocoagulation (CPC), was the essen-
tial prerequisite to clinically effective treatment [15, 19, 21]. With time it became
apparent that destruction of the neurosensory retina not only unnecessary, but unde-
sirable [15, 16, 20-28]. This led to development of nanosecond and microsecond
short-pulse laser modes (2RT, Ellex, Adelaide, Australia; Pattern Scanning Laser
(PASCAL), Optimedica, Stanford, CA, USA; Selective Retinal Laser Treatment
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(SRT), Lutronic, Bellerica, MA, USA), designed to better limit laser damage to the
RPE and outer retina. Despite the presumed need for LIRD, no convincing and gener-
alizable explanation of the mechanism of retinal laser treatment could be offered,
based on this premise [15]. This was problematic, as all adverse effects of retinal
laser treatment, of which there were many and some severe and sight-threatening,
were the direct and sole result of LIRD.

Laser-Induced Retinal Damage (LIRD): Sufficient,
but Unnecessary

The development of low-intensity/high-density subthreshold diode micropulse laser
(SDM) represented a watershed in the understanding of retinal laser treatment, it’s
application, the mechanism of action, and potential treatment indications [22, 27,
28]. Prior to SDM, LIRD was considered both the necessary and sufficient cause of
all therapeutic laser effects. SDM revealed that LIRD was sufficient, but necessary
[22]. And, as the cause of all adverse treatment effects, SDM demonstrated that LIRD
was, in fact, contraindicated and detrimental to optimal clinical effectiveness [20].

As noted above, the range of tissue effects achievable with microsecond pulse
lasers is broad, from conventional suprathreshold full-thickness retinal photoco-
agulation, to sublethal thermal photostimulation. This is possible with other laser
modes as well. The difference is that the microsecond pulsing makes possible treat-
ment that is effective, but also reliably sublethal to the RPE and thus safe. It is
this clinically reliable safety, evidenced by the ability to treat all eyes with iden-
tical (“fixed”) laser treatment settings effectively and without LIRD, that appears
to be a unique facility of MPL [15]. SDM describes a specific use of MPL that
optimizes clinical effectiveness, while reliably avoiding LIRD of any kind [15,
22-28]. Following the Early Treatment of Diabetic Retinopathy Study (ETDRS)
use of intense full-thickness suprathreshold retinal photocoagulation burns, retinal
laser treatment gradually moved to less damaging, lower-intensity treatment [21].
However, LIRD continued to be considered essential. SDM was the first to eschew
LIRD with an explicit intent to avoid, rather than cause, LIRD. The fact that this was
successful is of inestimable importance [22, 25, 26]. Invocation of LIRD as a neces-
sary precondition to effective treatment, because it was a false premise, prevented a
useful and accurate understanding of the mechanism of action of retinal laser treat-
ment, and thus optimal utilization [27, 28]. No explanation of retinal laser action
presupposing LIRD as both necessary and sufficient could explain all observed laser
effects in all clinical applications, or accurate predict new ones. SDM changed this
[22, 27, 28].

Therapeutic laser effects are mediated by living cells, not destroyed (dead)
tissue

By exclusion, the fact that the SDM low-intensity / high-density treatment paradigm
was effective for treatment of the complications of DR without harming the RPE
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provided three key pieces of information [22]. First, that the RPE is dysfunctional in
DR that this function is correctable. Second, that correction of the RPE dysfunction
in DR normalizes the function and structure of the neurosensory retinal. Third, that
the therapeutic effects of treatment must necessarily arise from RPE affected but
not killed by treatment. Thus, the therapeutic effects of retinal laser are mediated by
living cells, not destroyed retina, redefining LIRD as a serious adverse effect and the
most serious complication of treatment [11, 15, 20-28]. How?

Role of the RPE in Retinal Neurodegenerations is Central

So how does sublethal heating of the RPE lead to functional normalization and
clinical improvement across a wide range of etiologically disparate neurodegen-
erations? First, the power and influence of the RPE on ocular and particularly
retinal function must be appreciated. In addition to maintaining the blood-retinal
barrier, the RPE is trophic for the choriocapillaris and neurosensory retina, as well
as processing, maintenance, and toiletry of the outer retinal photoreceptors. Via
numerous cytokines and other chemical factors elaborated into the extracellular
space, the RPE supports normal retinal function and autoregulation [29]. Because
these factors can be measured in the vitreous and aqueous, the influence of the RPE
may extend throughout the entire eye [30].

Thermal activation of RPE Heat Shock Proteins is key to therapeutic laser
response

Thermal heating of the RPE by laser exposures longer than photodisruption or
photoablation results in some heat spread within the cell from the melanin granules
resulting in generalized heating of the cytoplasm, and thus its contents [15-17, 24].
With MPL, average maximum temperature of the cell may take a hundred millisec-
onds or more to for the heat to accumulate to a therapeutic level [15-17, 24]. In
addition, the microsecond pulses induce immediate, although brief and sublethal,
repetitive temperature spikes on top of this average cell temperature rise [16, 24].
These acute and more severe but still sublethal temperature spikes may contribute
to the biological effects of MPL over and above the average temperature rise [16,
24]. Analysis of the effects of sublethal hyperthermia on cellular proteins indicate
that most are adiabatic, having no net effect. Activation of heat labile calcium chan-
nels has been identified in vitro [31]. The thermal activation temperature of these
calcium channels is slightly higher than the lowest threshold for HSP 70 activa-
tion, but with sublethal thermal laser photostimulation, both are affected more or
less simultaneously [17, 31]. However, only activation of RPE heat shock proteins,
(HSPs), particularly HSP 70, can account for the therapeutic effects of retinal laser
[27-47].
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HSPs: Maintenance Versus Salvation

HSPs are highly conserved and ubiquitous intracellular proteins that play many roles
essential for normal cell function. accounting for as much as 40% or more of all
cell proteins. HSPs have a vast number of roles and essential functions, generally
working in concert and integrated with a wide array of other cell functions relevant
to the particular portfolio of actions characteristic of various HSPs. HSPs can be
classified by their molecular weights in kilodaltons [33]. Of primary importance
to retinal laser therapy is HSP 70KD. HSP 70 has two broad roles; a surveillance
function to maintain cell homeostasis by repairing misfolded proteins and preventing
protein aggregation along with other functions; and a salvific function, designed to
preserve the cell in the face of an existential threat [29-41]. It is the salvific HSP
reaction that is exploited by therapeutic retinal laser [41].

Sharp, Severe, but Sublethal

The most effective stimulus to the HSP salvific response is a stressor that is acute,
severe, but sublethal to the cell [36-38]. In essence, therapeutic laser hyperthermia
of the RPE causes the RPE cell “think” it is going to die, without harming it [41].
In response, a wide range of highly effective measures are triggered in an attempt
improve the likelihood of surviving the perceived threat, starting with intracellular
protein repair. While HSP activation is the key initiator of the therapeutic response,
sublethal laser RPE HSP activation is relatively modest [17, 24, 31]. This is in part
because only about 25% of free intracellular HSPs are available at any one time for
activation [37-40]. In addition, measurement of HSP activation in vitro is generally
indirect, using stains for the HSP promoter gene, rather than free HSP or the HSP.HSF
complex [31]. Activation of the HSP.HSF complex results in marked upregulation of
HSP transcription and HSP production. Thus, despite low levels of laser-induced free-
HSP activation, the response to HSP activation is catalytic, acting like the fuse on a
bomb. The fuse does not have to be big to lead to a big effect. An early (minutes) laser-
induced effect thermal effect results in acceleration of HSP protein repair kinetics
via a temperature induced conformational change in the heat sensitive molecule,
that increases the rate of protein repair by 35% [17]. This response occurs only in
sick cells with high levels of misfolded proteins in which the endoplasmic reticulum
unfolded protein response is overwhelmed and proteostasis has failed [48]. In normal
cells with low levels of protein misfolding, activation of the HSP salvific response
has no significant effect, as a normal cell cannot be made more normal [17, 39-42].
This therapeutic selectivity for dysfunctional cells is consistent with of the effects
of low-level tissue irradiation [42]. While enhanced protein repair kinetics promptly
begin to improve cell function, HSP activation also triggers a broad range of cascades
restorative to RPE cell and retinal function that extend over minutes, hours, days,
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and weeks, reaching out from the RPE cell as far as systemic immunoactivation and
recruitment of bone-marrow derived immune cells to the retina [42—47].

These restorative responses can be triggered in the RPE both by MPL directly
sublethally to the retina, or indirectly in response to RPE destruction/LIRD [15, 24].
When there is LIRD, additional factors resulting from the response to tissue damage
and the need for repair, as well as inflammation resulting from tissue destruction, are
observed [32]. Because only living tissue can respond to a stimulus, the therapeutic
effects of LIRD are entirely indirect from the stressors placed on the surviving cells
at the margins of the LIRD [25]. Because the therapeutic effects arising from LIRD
are entirely indirect, LIRD is unnecessary [22]. Further, the responses unique to
LIRD are concerned with wound healing, phagocytosis, debridement, and tissue
remodeling. These unique effects of LIRD are non-therapeutic, detrimental form
and function, leading to a net reduction in the therapeutic response compared to
the wholly therapeutic direct effects of sublethal laser hyperthermy [32]. Of the
many effects of MPL sublethal to the retina that have been documented in vitro,
in vivo, and in human studies, it is remarkable to note that all are restorative, anti-
inflammatory, and therapeutic and none have been found to be adverse to retinal
function [44-52]. A few of these effects include reduced in VEGF and increased
(and neuroprotective) PEDF expression; increased superoxide dismutase function,
decreased oxygen free radial formation and normalized retinal redox states; inhibition
of apoptosis; local and systemic therapeutic immunoactivation; correction of protein
misfolding and inhibition of protein aggregation; modulation of transcription and
translation; increased markers of acute inflammation in the absence of tissue damage
to reduce markers of disease driving chronic inflammation such as increased mRNA
expression of RPE cytokines including Ccl2, Cxcr4, 111b, 116, and Ifng; improved
mitochondrial function and energy utilization; down regulation of tumor necrosis
factors NRF2 and Tnfsf, and interferon gamma; modification of glial fibrillary acidic
protein (GFAP) and inwardly rectifying potassium (Kir) 4.1, aquaporin (AQP) 4, and
modulation of retinal microglial and Mueller cells activity; reduced pro-inflammatory
activation of normal T-cells and macrophage inflammatory proteins (MIP1a) and fas
ligand (FasL); increased hematopoietic cells (CD4), reduced T cells and CD11b- and
increased L6CM; and recruitment of bone-marrow immune and stem cells to the RPE
[44-53].

Implications from Pathoselectivity for Laser Treatment
Optimization

Arising from the mechanism of retinal laser is the property of pathoselectivity [25, 27,
28]. Because the result of laser is to functionally improve dysfunctional RPE cells,
it has no effect on normally functioning cells [17]. Normal cannot be normalized.
Because laser-induced enhancement of HSP protein repair kinetics is proportional to
the load of misfolded proteins within the cell, improvements in cell function following



264 J. K. Luttrull

laser are proportional the degree of dysfunction prior to laser [17]. This has been well
demonstrated clinically by the electrophysiologic and visual function responses to
SDM MPL for dry AMD, IRDs including RP, and OAG. The greater the measurable
dysfunction, the greater degree of improvement following SDM MPL. This does not
mean a blind eye is restored to diamond-cutting status. This means that very poor
function can be improved to less poor function. Such improvements may be reflected
in improved vision. However, even in the absence of visual improvement, signifi-
cant treatment associated improvements in retinal function should slow or prevent
progressive degeneration and visual loss. Visual field testing in such eyes often
demonstrates return of function to areas previously non-recordable. This suggests
inhibition of apoptosis by MRT, and its ability to restore visual function to highly
dysfunctional, likely pre-apoptotic, cells [11, 28, 48, 54, 55].

It can be helpful to test a proposition by taking it to its logical extremes. It is a
given the sicker the retina, the greater the number of dysfunctional cells, and the more
dysfunctional each cell is. Improving the function of a single RPE cell in such an
eye, even to complete normality, would clearly have little to no effect on the disease
process, clinical findings, or visual function. In contrast, if one could completely
normalize the function of every cell, the effect of treatment would be maximized;
slowing, preventing, or even reversing disease progression and possibly improving
visual function as well [27, 28]. This is the logic behind the “high-density” treatment
paradigm of SDM MPL, wherein confluent treatment of large areas of retina — such
as panmacular treatment for macular disease — is performed to maximally recruit and
improve all dysfunctional retina in the diseased area to optimize the clinical benefits
of treatment [20, 22, 25]. Because treatment is pathoselective, meaning that only
dysfunctional cells are affected while normal cells are undisturbed, this approach is
simple, safe, and highly effective [20, 22, 27]. Because retinal-damaging treatment
requires treatment limitation to focal and local treatment to limit treatment-associated
visual loss, focal and local treatment is suboptimal and generally less effective,
particularly when adverse treatment effects are factored in [56-58].

Protein Misfolding: The Currency of Neurodegeneration

The enzymatic machinery that makes every cell operate normally and effectively
reflecting its particular bodily role are proteins folded into to highly specific shapes
essential to their proper function [17, 31-40]. These specially folded proteins exist in
the aqueous environment of the cytosol and maintain their shape primarily through
the forces of hydrophobia and -philia, with the hydrophobic portions of the proteins
seeking refuge from the polar aqueous surround by burying themselves in the interior
of the folded protein; while the hydrophilic portions of the protein orient themselves
outwardly toward the aqueous cytosol [33, 38—40]. Thus, the forces maintaining
enzyme folding are much weaker than covalent bonds and are relatively easily broken,
resulting in eventual loss of this tertiary structure and misfolding of the protein, and
with misfolding, loss of function and the potential for polymeric aggregation with
other misfolded proteins further compromising cell function [43, 48, 59-62]. Even
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in a healthy cell the half-life of a normal enzyme is only on the order of 90 min. In a
highly dysfunctional cell, the half-life declines to as little as 18 min [17]. This shorter
the protein half-life results in accumulation of misfolded proteins and development
of toxic aggregates within the cell, and increased cell dysfunction in a progressively
increasing downward spiral. Dysfunction breeds dysfunction. Eventually, cell death
will ensue with loss of tissue function and the development of chronic inflammation
caused by the accumulation of failed cell debris and metabolic waste [11, 35, 36,
43, 48, 59-62]. This is the basis for every chronic disease, diseases of ageing, and
neurodegeneration. In the eye, this is the basis for the visual loss that results from
chronic progressive retinopathies.

Time

Age is a fundamental to all chronic progressive diseases, as all tend to worsen as a
function of disease duration. As noted at the outset of this chapter, because the retina is
nervous tissue, all chronic progressive diseases of the retina are neurodegenerations.
Thus, any effective treatment of these diseases would be, by definition, retinopro-
tective and thus neuroprotective. The ideal treatment would improve all the chronic
progressive retinopathies based on their shared status by addressing their common-
alities as neurodegenerations. This facility has been demonstrated by SDM MPL and
is the basis for the therapeutic effect of retinal laser treatment being described as a
representing a physiologic “reset” phenomenon [11, 17, 20-28, 48, 54, 55].

The retinal laser “reset” effect: a non-specific trigger of disease-specific repair
Following on the mechanism of retinal laser as activated by RPE HSP activa-
tion, the effect of treatment can be described as a “non-specific trigger of disease-
specific repair” [25, 27, 28]. This is really a restatement of the reset phenomenon,
and the meaning of this phrase is central to the role of laser for neuroprotection.
Every cell faces stressors that may lead to functional compromise. In all cells, this
is compounded by time and thus age. In diabetics, it is metabolic dysfunction. In
IRDs, genetic abnormalities. Each unique stressor affects the cell in a unique way,
and thus particular enzymes more than others leading to disease-specific dysfunc-
tion that reflects the influence of the particular stressor. Thus, each stressor causes
a disease-specific “menu” of enzyme and thus cellular dysfunction [27, 28]. This
dysfunction is due to misfolding of the particular enzymes preferentially affected
by a given stressor, leading to compromise and eventual failure of their role in cell
function. Depending on the importance and a given enzyme and the health of the
reparative mechanisms, this stressor induced enzyme misfolding may lead to cell
death. The particular “menu” of disease-induced protein misfolding is what charac-
terizes each clinical disease, its clinical signs, symptoms, and course [27, 28, 48].
Thus, while the instigator of cell dysfunction may be different for every disease
(although there may be shared commonalities), the generic currency of the induced
dysfunction—protein misfolding—and the end result—cell dysfunction and death,
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functional loss and chronic inflammation—is the same [17, 20-28, 48, 52-54, 56,
59-65].

Interesting implications follow from the above. One is that therapies aimed at
specifically correcting the primary abnormality require as many cures as there are
diseases, and even individuals [65]. If nothing else, this is a highly inefficient
approach to achieving public health. Retinal laser, as a non-targeted non-specific
trigger of disease-specific repair via the reset phenomenon is largely agnostic to
the cause of the disease process [52, 53]. Because the mechanism of retinal laser
addresses protein misfolding and its downstream consequences generically and
agnostically to the cause of the protein misfolding, retinal laser has demonstrated the
potential address the entire class of retinal neurodegenerations [11]. These include
all the major causes of irreversible vision loss [1]. Because retinal laser treatment can
be reliably safe, durable, renewable, broadly applicable to a wide range of disparate
disorders, and economical, it appears to offer the best prospect as an effective treat-
ment and prevention of vision loss from the most common causes of irreversible
visual loss worldwide, the chronic progressive retinopathies of AMD, DR, IRDs and
OAG.

Retinal Laser and Open Angle Glaucoma: A Model
of Neuroprotection

Open angle glaucoma is not typically thought of as a chronic progressive retinopathy
[11, 55, 63]. For one reason, no retinopathy is clinically evident, other than by asso-
ciation with progressive glaucomatous optic neuropathy. However, the response to
SDM MPL reveals that OAG is, in part, a retinopathy. This previously unrecognized
retinopathy (the retinopathy of OAG, or “ROAG”) appears to be the best current
explanation for the observation of progressive optic neuropathy and visual loss in
OAG despite maximal lowering of intraocular pressure (IOP) that occurs in the
majority of patients with OAG. OAG, thus represents an iconic test of neuropro-
tection. An analysis of the treatment response to SDM MPL in OAG illustrates the
fundamental mechanistic effects and principles of retinal laser for neuroprotection
and establishes the benchmarks for neuroprotective treatments in OAG in general.

Diminished and worsening mesopic visual function (MVF), VA, visual fields,
and pattern electroretinogram (PERG) have all been shown to identify and predict
progression in all the major chronic progressive retinopathies, including OAG. In
OAGQG, these abnormalities have been attributed to primary optic nerve dysfunction
[11]. Thus, effective neuroprotection would be expected to demonstrate measurable
improvement in some, if not all, of these prognostic indicators.

Acute IOP lowering has been shown to improve the PERG (a measure of ganglion
cell layer function) and reduce nerve cupping in eyes with OAG and uncontrolled IOP
[66]. Otherwise, treatment of OAG via IOP control alone seldom, if ever, results in



14 The Mechanism of Retinal Laser and Its End Result: Neuroprotecion 267

improvement in other findings or metrics. Measurable treatment-associated improve-
ments in these key disease indicators would therefore represent strong and novel
evidence of effective neuroprotection in OAG, and as prognostic indicators, a reduced
risk of future vision loss [11, 27, 28].

In 2014, mesopic visual function testing and PERG were noted to improve signif-
icantly following SDM MPL in eyes with dry AMD [28]. In the absence of other
effective treatment in high-risk dry AMD, panmacular SDM MPL was offered to
patients in hopes of reducing progression and their risks of visual loss, with the retinal
function improvements measured by PERG, and various visual function improve-
ments, including MVF, acting as surrogate indicators for risk reduction. The PERG
and MVF abnormalities in the eyes with dry AMD were noted to be similar to
those reported in eyes with OAG [67-71]. If abnormal and/or worsening PERG
and mesopic visual function in OAG predicted progression and visual loss, might
improvement in these key indicators mean? Would improvements in such indicator as
observed following SDM MPL in dry AMD, indicating reversal of disease progres-
sion and thus a reduced risk of future visual loss in OAG? [11, 28, 55]. In the absence
of known adverse treatment effects and a reasonable expectation of possible benefit,
panmacular SDM MPL was thus offered to patients with OAG and glaucomatous
optic neuropathy with visual field loss in hopes of slowing disease progression via
neuroprotection [55]. To attempt to achieve the most direct measure of optic nerve
function, eyes with OAG were also tested by the visually evoked potential (VEP), in
addition to PERG and mesopic visual function testing.

Retinal Laser Treatment for OAG

To try to discover if panmacular SDM MPL was evoking any potentially neuropro-
tective effects in eyes with OAG, the electronic medical record was searched for
eyes with OAG that had undergone SDM treatment [55]. These were then screened
to further identify those eyes that had undergone VEP, PERG, and mesopic visual
function testing both before, and within 3 months after, SDM treatment. 89 eyes
of 49 patients with OAG were identified having been tested prior to SDM treat-
ment. One eye of one patient was lost to follow up prior to obtaining postoperative
studies, leaving 88 eyes of 48 consecutive patients for study. These were 20 male and
28 female, aged 57-94 (avg. 79). All patients had glaucomatous optic neuropathy
and visual field loss prior to treatment. Most eyes had coincident retinopathies as the
primary indication for SDM treatment. These included dry AMD [15 eyes]; wet AMD
[7 eyes]; high myopia [17 eyes]; non-proliferative diabetic retinopathy [11 eyes]; and
retinitis pigmentosa [2 eyes]. Several eyes had more than one concurrent retinopathy.
Twelve eyes of six patients had only OAG without any other notable retinopathy.
Pretreatment, IOPs ranged 6-23 mmHg (average: 13) on 0-3 (average: 1.6) medi-
cations. 33 eyes had had prior glaucoma filtering and/or tube shunt surgery. Snellen
visual acuities (VA) ranged 20/15 to count fingers (median 20/60). Prior to treatment,
both VEPs and mesopic visual function of all eyes were abnormal. Following SDM
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MPL, Snellen VA was improved (p = 0.005) and IOP was unchanged. All VEP
indices were improved following SDM treatment, with VEP P1 amplitudes (p =
0.001) significantly improved. MVF (p < 0.0001) and PERG central field amplitudes
were also significantly improved (p = 0.05). There was no significant difference in the
responses of the eyes with OAG alone, compared to eyes with OAG and coincident
conventional retinopathies [55].

Although a small retrospective study, the results are remarkable and because they
are novel and unanticipated, and thus highly informative as well [72]. Supporting
key tenets of the reset theory of retinal laser action, these findings demonstrate
what appear to be clear and unambiguous signs of effective neuroprotection in
OAG, and demonstrating, for the first time, that a previously unidentified retinopathy
(ROAG) may lie at the heart of OAG and account for the common failure of treatment
by IOP lowering alone.

The mechanism of retinal laser has been described as causing a physiological
reset, like the “reset to default” function of electronic devices, restoring the “factory
settings” when the system becomes corrupted. Part and parcel with such an effect is
that the initiator of such a process, in this case laser, necessarily acts as a “non-specific
trigger of disease specific repair” as described above [27, 28, 57] (Fig. 14.1). The
results of SDM for OAG appear to confirm this assertion. The reset theory of retinal
laser action predicts that treatment will improve all chronic progressive retinopathies,
but each in a characteristic way reflecting the nature of dysfunction caused by the
underlying disease process. This is particularly evident in the electrophysiologic
responses to SDM MPL [51]. In classic phenotypic retinopathies such as AMD
and IRDs, the predominant PERG responses to treatment are reflected in improve-
ments in signal latency. In AMD, low-contrast PERG responses are most significantly
improved. This is consistent with the tendency of AMD to reduce contrast sensitivity
early, and more than photopic chart acuity. [51]. In the IRDs, signal latencies are also
improved. In the macular IRDs, improvements reflect the geographic distribution of
the disease process; either predominantly central (such as in Stargardt’s disease or
advanced RP), or peripheral (such as in early RP). Interestingly, and reflecting the
“disease-specific” improvements elicited by retinal laser, electrophysiology in OAG,
while also improving post SDM, improved differently [28, 55].

While improving all aspects of electrophysiology, the most significant responses
to panmacular SDM MPL in OAG were improved signal amplitudes rather than laten-
cies. This was true for both the PERG and VEP. While all PERG responses improved,
only the central 16° field amplitudes significantly improved. Why signal amplitude
improvement predominated over latencies in OAG is unknown. The macular predom-
inance of the PERG appears to simply reflect anatomy. Approximately 95% of the
nerve fibers that coalesce to form the optic nerve arise in the macula, and most of
those from the fovea. Thus, if treatment of the retina, such as SDM MPL which is
selective for the RPE, were to somehow improve optic nerve function and be neuro-
protective in OAG, it would almost have to improve macular function. This is also
consistent with the finding that both the PERG and mesopic visual acuity are early
predictors of OAG, as is macular ganglion cell complex loss, indicating early macular
involvement in OAG [66].
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Fig. 14.1 A Diabetic retinopathy B Age-related macular degeneration. C Retinitis pigmentosa D
Open angle glaucoma. All are neurodegenerations. The answer to each is neuroprotection

It is also very interesting is that SDM MPL improved the amplitudes of the high-
contrast VEP P1 responses as well, and to a greater degree than the PERG. (Figs. 14.2
and 14.3) This finding is remarkable in that no treatment of any kind in any setting,
laboratory or clinically, has previously been known to improve VEP responses. Thus,
like the reversal of anti-VEGF drug tolerance in wet AMD, the ability of SDM MPL
to improve VEP responses in OAG are unique in medicine, lending strong support to
the reset theory of laser action and the restorative power of “low power”” homeotrophic
laser treatment in the macula [27].

Another point of interest is that despite concurrent conventional retinopathies in
most of the eyes with OAG reported in this study, such as dry AMD, it was the
OAG-specific electrophysiologic responses to treatment that predominated [55].
For example, in eyes with OAG and AMD, it was the OAG PERG signature (central
16° amplitude improvement) that predominated over the AMD-specific low-contrast
signal latency improvement signature. It should be noted, however, that eyes with
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A. Visually evoked potential (VEP) high-contrast amplitudes before and

after panmacular gypthreshold diode micropulse laser (SDM) treatment for open
angle glaucoma.

AMP, High Contrast

Post-Treatment

Fre-Treatment

B. VEP high contrast amplitudes, post - minus pre-treatment.

AMP, High Contrast

Post- Minus Pre-Treatment

Pre-Treatment

Fig. 14.2 A and B High-contrast visually evoked response amplitude responses to panmacular
SDM laser in eyes with OAG and glaucomatous optic neuropathy. Note: significant improvements
after treatment. From: Luttrull JK, Samples JR, Kent D, Lum BJ: Panmacular subthreshold diode
micropulse laser (SDM) as neuroprotective therapy in primary open-angle glaucoma. Glaucoma
Research 2018-2020, pp. 281-294 Edited by: John R. Samples and Paul A. Knepper © 2018
Kugler Publications, Amsterdam, The Netherlands

AMD and IRDs without OAG were not otherwise examined by VEP. Thus, it is
possible, that VEP improvements may accompany treatment for the other, more
conventional retinopathies, as well. One can argue that the best indicator of neuro-
protection in the eye would be improved optic nerve function [2] Thus far, this effect
appears to be unique to treatment of OAG with SDM MPL.

Finally, also reflecting the concept of retinal laser acting as a non-specific trigger
of disease specific repair via the reset phenomenon, panmacular SDM MPL in OAG,
like AMD and IRDs, produced highly significant improvements in MVF [11, 54]
(Figs. 14.4 and 14.5) Because MVFis a more sensitive reflector of underlying macular
function than high-contrast photopic chart acuity, it has been shown to abnormal
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Fig. 14.3 Mesopic visual area before and after panmacular SDM laser in eyes with OAG and
glaucomatous optic neuropathy. From: Luttrull JK, Samples JR, Kent D, Lum BJ: Panmacular
subthreshold diode micropulse laser (SDM) as neuroprotective therapy in primary open-angle glau-
coma. Glaucoma Research 2018-2020, pp. 281-294 Edited by: John R. Samples and Paul A.
Knepper © 2018 Kugler Publications, Amsterdam, The Netherlands

early in OAG and all the other chronic progressive retinopathies. [68—71]. As visual
function is the end result of retinal function, it would be expected to improve as
the result of improvement in retinal function, regardless the nature of the retinal
dysfunction and how that improvement was achieved. Thus, it is not surprising that
retinal laser, improving AMD, IRDs, DR, and OAG each in different ways reflecting
their different underlying disease processes, improves MVF in them all [11, 54, 55].
This makes MVF an especially useful and relatively simple and intuitive diagnostic
test to not only detect early disease, but also to document and then follow to monitor
treatment effects (Fig. 14.6).

Improvement in general retinal function, ganglion cell layer function, optic
nerve function, mesopic and photopic visual function, and visual fields can only
be described as reflecting neuroprotection [2]. The robust and predictable nature of
these responses in all applications suggest that retinal laser, in the form of SDM
MPL, is the first unambiguously neuroprotective treatment demonstrated in clinical
ophthalmology. How were these neuroprotective effects produced, and what are the
implications?

ROAG (the Retinopathy of Open Angle Glaucoma)

The mechanism of retinal laser treatment has been briefly reviewed above. Of all the
findings of this study of retinal laser for neuroprotection in OAG, most interesting
is that all improvements occurred in response to selective treatment of the RPE in
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Fig. 14.4 Omnifield resolution perimetry (ORP) (Sinclair Technologies, Media, PA) of an eye with
OAG and glaucomatous optic neuropathy before (A) and after (B) panmacular SDM MPL. ORP
measures ETDRS VA at various intercepts in the posterior retina 10° surrounding fixation and
builds a false color VA map to create a mesopic visual field. Note: improvement following SDM.
From: Luttrull JK, Samples JR, Kent D, Lum BJ: Panmacular subthreshold diode micropulse laser
(SDM) as neuroprotective therapy in primary open-angle glaucoma. Glaucoma Research 2018—
2020, pp. 281-294 Edited by: John R. Samples and Paul A. Knepper © 2018 Kugler Publications,
Amsterdam, The Netherlands
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Fig. 14.5 10-2 automated perimetry modified to report as a false color map of retinal sensitivity,
before (left) and after (right) panmacular SDM laser for an eye with OAG and glaucomatous optic
neuropathy. Note improvement following treatment

eyes with no discernable retinopathy, other than glaucomatous optic neuropathy, by
SDM MPL [11, 55]. The effect of retinal laser is homeotrophy—restoration of func-
tional normality via the reset phenomenon [27, 28]. This is important because the
response to laser treatment of the RPE in OAG reveals the presence of an acquired
RPE dysfunction. Because normalization of this RPE dysfunction by laser improves
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Fig. 14.6 Optic coherence tomography of an eye with AMD undergoing regular periodic panmac-
ular SDM MPL for neuroprotection. Note thickening of the nerve fiber layer over time, while the
average retinal thickness decreases due to thinning of the Bruch’s membrane/RPE complex

ganglion cell and optic nerve function by electrophysiology, the laser treatment
response suggests this retinopathy is a fundamental part of OAG and that a prin-
cipal result of this retinopathy is insufficient retina-derived neurotrophy [11, 29, 55].
This may consist of either insufficient production of a neurotropic factor(s) essential
to normal health and function of the optic nerve, overproduction of a factor(s) toxic
to nerve function, or a pathologic imbalance of factors leading to premature nerve
death. In any case, the response of OAG to SDM MPL treatment of the macular
RPE indicates that OAG is a chronic progressive retinopathy and neurodegeneration,
joining the ranks of AMD, DR, and IRDs. We can call it “ROAG”, for Retinopathy
of Open Angle Glaucoma” [11, 55]. This laser-induced neuroprotection may reflect
normalization of abnormal retinal conditions already identified in glaucomatous eyes.
These include the tumor necrosis factor TNF-alpha/TNFR1, complement component
1Q (C1Q), or some combination of both [11, 27, 28, 55, 73-80]. The mediators of
this dysfunction, and functional normalization, are chemical. These are principally
cytokines, interleukins, and other RPE mediated or modulated factors. In this, ROAG
echoes the other neurodegenerations / chronic progressive retinopathies, in which
disease states may either express, or arise from, an excess or paucity of a specific
factor(s), or an imbalance of factors, such as the relative levels of VEGF and PEDF
in diabetic retinopathy [3, 8, 81, 82].

Reset Non-fragility

The RPE is largely responsible for maintaining the day-to-day normal operation and
autoregulation of the retina [29]. The power and elegance of the reset mechanism of
retinal laser treatment is that rather than needing to identify and effectively target,
block, enhance or replace specific chemical mediators to reverse a disease process,
the reset effect retinal laser instead corrects the source of the chemical mediators
of retinal function and dysfunction—the RPE [27-29]. By improving RPE function
with little regard (agnosticism) to the primary cause of the dysfunction (age, diabetes,
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a faulty gene), downstream abnormalities, such as cytokine expression, balance, and
response, are also normalized. The reset phenomenon thus allows one to “fix” the
problem without having to know exactly what the problem is, what is causing it, or
how it is causing it. This is a powerful property of retinal laser called “anti-fragility”
that sets it apart from targeted therapies, which are highly dependent on very narrowly
defined but often highly variable conditions and circumstances, requiring a precise
understanding of the pathophysiology, thus making targeted therapies vulnerable to
innumerable factors that may compromise effectiveness [82].

Much more study on the utility and effects of retinal laser treatment for neuro-
protection needs to be done. The surprising finding that optic nerve function can
be improved, and improved by laser treatment of the macula, is just one of many
examples of unprecedented and previously unanticipated findings resulting from
understanding the reset mechanism of retinal laser action and following it to its
various conclusions. For instance, progressive thickening of the nerve fiber layer
over time in eyes receiving regular periodic panmacular SDM MPL (“vision protec-
tion therapy”) for neuroprotection has been observed (JKL 2022, unpublished
data), suggesting effective neuroprotection may result in anatomic improvement and
restoration (neuroregeneration?) as a result of improved neuroretinal function. This
is one of many apparently novel finding that warrants further exploration (Fig. 6).

Sometimes disruption takes time. The finding that photocoagulation was a compli-
cation, and not the essential property, of retinal laser treatment was disruptive. This
led to an understanding of the mechanism of action of retinal laser treatment, and to
the fact that retinal laser treatment could harmlessly improve retinal function directly
where it was applied. Disruption. Where will the ability of retinal laser treatment to
produce neuroprotection lead? Can effective neuroprotection improve anatomy, such
as nerve fiber layer thickness, as well as function? Laser neuroprotection in classic
chronic progressive retinopathies is clearly highly effective. Will it improve manage-
ment and visual outcomes in eyes with ROAG? If so, more disruption. Time, open
minds, and a great deal more study, will tell us.
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Chapter 15 ®)
Laser in Treatment of Retinal Artery e
Occlusions

Stanislav Saksonov, Lyubomyr Lytvynchuk, Goran Petrovski,
and Andrzej Grzybowski

Introduction

Retinal artery occlusion (RAO), including its two major entities central (CRAO) and
branch retinal artery occlusion (BRAO), which was first described by the German
ophthalmologist von Graefe in 1859 [1], is an acute interruption of blood flow in
the blood supply system to the retina and its branches. It imposes a high risk for
development of infarction in the inner retinal layers. Sudden decrease of visual func-
tion as low as hand movement or light perception is a very common presenting sign.
The condition usually affects only one eye and requires an urgent ophthalmic care,
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especially when the macular area is involved [2, 3]. Most often the event occurs in
patients with atherosclerotic changes in the cardiovascular system, or presence of
hypertension, temporal artery- and/or rheumatic heart- disease [2—4]. In the case of
impaired blood flow for more than 100 min, an extensive irreversible damage to the
retina occurs with significant loss of vision [2, 5-7]. Majority of people have solely
the central retinal artery as the only artery feeding the inner retina. Only 15-30% of
people have a cilioretinal artery—a backup source that can provide adequate blood
flow to the macula in case of acute CRAO [8, 9]. The latter patients have for that
reason the best visual prognosis [10]. In 70-85% of the people without a cilioretinal
artery, CRAO most often leads to irreversible vision loss [5, 8—10]. Spontaneous
vision recovery after CRAO is also described, but appears to be extremely rare.
Occlusion of the central retinal artery is found in 1 in 100,000 people. Males are
twice as likely to have it as females. People over 60 are at risk. CRAO is present in
56% of the cases, while BRAO and cilioretinal artery occlusion is found in 40% and
4%, respectively [5, 9-12].

Etiology. Emboli that are carried into the central retinal artery or one of its branches
are suspected to be the cause of RAO. These emboli may be thrombi, cholesterol
plaques, or calcified emboli originating from the heart valves or carotid plaques
[13, 14]. Hollenhorst was able to identify orange-yellow plaques at the vascular
bifurcations in 11% of the patients with RAO [15]. To the main causes of RAO
belong atherosclerotic thrombosis at the level of the lamina cribrosa (80%), carotid
embolism with cholesterol, fibrinous or calcified emboli in the bifurcation of the
common carotid artery, giant cell arteritis, rheumatoid arthritis, periarteritis and
thrombophlebitis [9, 12—14]. Retinal migraine is a rare condition which is possibly
related to CRAO in young people [11]. CRAO is associated with ipsilateral stenosis
of the internal carotid artery. A study of 103 cases of CRAO have shown that 37%
of the patients had >70% stenosis, arterial dissection, or intraarterial thrombus [16].
In the EAGLE study, 77 out of 84 patients who underwent a thorough examination,
31 (40%) had carotid artery stenosis with > 70% of vascular occlusion [17-19].
During the vascular examination, it was concluded that emboli in the CRAO cases
could arise from the heart, aortic arch or large vessels. The EAGLE study identi-
fied high cardiovascular risk factors: obesity (82%), hypertension (73%), smoking
(49%), hypercholesterolemia (49%) and diabetes (14%) in the 77 patients. Among
all examined subjects, 67% had at least 1 risk factor for CRAO. It is also important
to note that 20% of patients had cardiac arrhythmia, 17% had heart valve disease,
and 5% had heart failure [17, 18].

Diagnosis and ophthalmic examinations. CRAQO is manifested by a sudden, pain-
less and extensive violation of the field of view or the relevant sector. Having varying
degrees of vision loss, more than 80% of patients have best corrected visual acuity
(BCVA) counting finger or worse [8-10, 12]. In the case the blood supply of a
cilioretinal artery is preserved, the central visual acuity is maintained, but the periph-
eral visual field is constricted [8]. Visual field testing can show the defects of central
and peripheral vision: sectoral or central scotomas corresponding to the ischemic
area of the retina, as well as concentric narrowing of the visual field. However, the
central visual field testing is usually not reproducible at the time of presentation.
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Biomicroscopy of the eye allows to pre-determine the degree of occlusion of the
CRAO. For example, in incomplete arterial occlusion, an afferent pupillary defect
(Marcus-Gunn pupil) could be detected. In the case of total arterial occlusion—the
pupil’s response to light is absent or sharply reduced. Ophthalmoscopy examination
of the fundus helps to detect retinal edema, its loss of transparency, and paleness of
the retina in the affected area. Typical signs of CRAO are a cherry red spot fundo-
scopic finding—a bright colored appearance of fovea centralis due to choroidal blood
supply and slow segmental blood flow in the retinal arteries, with direct visualization
of emboli being possible in <10% of the cases. The optic disc usually looks normal.
Additionally, retinal arterioles could be narrowed and the emboli of different origin
could be seen in the area of occlusion.

Fluorescence angiography (FA) of the retina is used to clarify the location of the
occlusion and to understand the degree of blockage of a vascular circulation. Usually,
FA imaging shows delay of the filling of arteries and indistinct borders of background
(choroidal) fluorescence within the involved area with retinal edema being observed
[20]. Optical coherence tomography (OCT) is being used to assess the severity of the
acute phase of CRAO or BRAO, which presents with increased thickness and reflec-
tivity of the inner retina layers and a decreased reflectivity of the outer retinal layers,
the outer layer of the retina and the retinal pigmented epithelium/choriocapillaris
layer. Unlike acute onset RAO, chronic occlusion is characterized by diffuse atrophy
and thinning of the inner retinal layers [21].

Beside ophthalmologic examination, the patients should be referred to a stroke
center and cardiologist, where they will undergo duplex scanning of the carotid
arteries, ultrasound of the heart to determine their cardiovascular disorder risks.
Presently, CRAO is treated as a micro-stroke [22]. According to a recent study,
12.1% of the patients had evidence of an acute stroke on MRI, and 27.5% have
ipsilateral internal carotid artery stenosis >50% [23].

Overall, the diagnosis is based on the collected anamnesis and results of the general
and ophthalmic examination. These patients usually have cardiovascular, systemic,
inflammatory, metabolic diseases, eye injuries, stroke, myocardial infarction, super-
ficial and deep thrombosis of the veins of the lower extremities or obliterating
endarteritis, among the few [2, 4, 14, 24].

Therapeutic Approaches

Standard therapeutic methods to treat RAO and natural partial restoration of the blood
flow poses limited efficiency in terms of restoration of visual function [8, 10, 25].
Usually, irreversible vision loss can drastically impact the quality of life of patients
with RAO [26]. Thus, urgent implication of the most effective therapeutic modali-
ties should be mandatory in order to try to restore the blood circulation in occluded
retinal arteries. Improvement of the perfusion of the retina, dissolution, fragmen-
tation, displacement and/or removal of the intravascular emboli and restoration of
the blood flow in the damaged area are the main endpoints of the RAO treatment
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[27-29]. Manual massage of the eyeball in an acute stage of RAO will increase the
retinal perfusion, lower the eye pressure and even support the displacement of the
emboli to the more peripheral artery branches, which can renew blood circulation in
the central area. Application of anterior chamber paracentesis together with antiglau-
coma medication and hemodilution measurements will improve blood flow in the
impacted arteries and retinal capillaries [29]. Pharmacological induction of vasodi-
lation and hyperbaric oxygenation can target the small caliber arteries by increasing
the volume and oxygenation of the blood passing through them [29, 30]. The clin-
ical efficacy of systemic lysis has been evaluated by many groups, but it remains
only the treatment of choice due to insufficient data, as emboli in over 80% of RAO
case are cholesterol or calcium compound and there is no lysis agent for that [3].
Still the duration of the RAO, its localization and timing of the therapy applica-
tion remain the most important issues to handle, which determine the final visual
outcome. The severity of the pathological changes often can diminish the treatment
efficacy. That is why alternative treatment approaches have been developed, and
studies aiming to address the most important causes of RAO, such as occlusion of
the artery by the emboli, have been carried out to improve the visual recovery. Among
these, a surgical method of embolectomy and intrasurgical massage of the arteries
with displacement of the emboly to the periphery, as well as neodymium-doped
yttrium aluminum garnet (Nd: YAG) laser embolysis of the occluded arteries at the
site of visible emboli have been applied before [31-34]. When the risk for surgical
embolectomy or arterial massage reaches that of a typical vitreoretinal intervention,
the consideration for doing transluminal application of Nd: YAG laser to restore the
blood flow in the occluded arteries with minimally invasive approach becomes viable
[32-34]. A number of groups have described the efficacy of translumenal Nd: YAG
laser embolysis as well as its rationale for benefits and risks [32—43].

In spite the progress in development and improvement of the Nd: YAG tech-
nique, there are still discussions regarding the parameters used and sites of the laser
application. The following section is dedicated to the description of the surgical
setting, laser modes and treatment results used at Department of Ophthalmology od
Bogomolets National Medical University (Kyiv, Ukraine) since 2015. We have so
far treated 69 eyes of 67 patients with a Nd: YAG laser embolysis due to CRAO
or BRAO (unpublished data). Based on our experience, three main mechanisms of
restoration of the retinal blood flow could be distinguished after the application of
laser energy: fragmentation of the emboli (embolysis), displacement/rotation of the
emboli inside the vessel, and laser vasotomy with displacement of the emboli into
the vitreous (embolectomy).

Translumenal Nd: YAG Laser Embolysis

Surgical technique and pulse energy. The main indication and requirement for the
patient to apply Nd: YAG laser embolysis lays in the appearance of the intraarterial
visible emboli. The main treatment endpoint is considered the appearance of one of
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the following effects: fragmentation of the embolus, building gas bubbles, migration
of the embolus into the vitreous cavity or bleeding. According to the literature review,
the mean maximum pulse energy used for YAG-laser fragmentation of the emboli
was 2.56 mJ (range: 0.1 to 9 mJ) with double impulse (12) in 96% of cases [34].
The average number of pulses used during the treatment was 31 (range: 2—164 mJ,
12 = 94%). Opremcak et al. presented 21 cases where they applied in average 53
pulses per case, the weighted mean was 5.9 pulses (n = 19 cases, 12 = 96%) [34].
In majority of the studies, the initial energy used was rather low (<0.5-1 mJ) with
subsequent increase in small steps (0.2-0.8 mJ) until the appearance of the one of
the treatment effects occurred.

Our own experience. Since 2015, we have implicated the Nd: YAG laser embol-
ysis/embolectomy approach to treat cases with CRAO and BRAO caused by visible
intralumenal emboli as well as cases with CRAO without visible emboli and
performed an observational study of the treatment results. In our setting, we used
Lightlas YAG laser system 1064 nm (Lightmed, San Clemente, CA, USA) with
Singh MidVitreous (Volk, Mentor, OH, USA). During visualization of the embolus
in the middle of the vessel, the laser beam was focused directly at the embolus itself
(Fig. 15.1a). In CRAO cases without visible emboli, the laser beam was focused at
the central retinal artery on the optic disc in the area of its bifurcation. The range of
laser energy used in our patient cohort was 0.3 to 5.0 mJ, with an average number
of pulses being 3 to 60 (Table 15.1). The treatment starts with a low laser energy
of 0.1 mJ followed by a gradual energy increase by 0.1-0.2 until the response from
the embolus in the form of fragmentation, restoration of blood flow or rupture of the
vessel with subsequent hemorrhage into the vitreous (CRAO cases without visible
emboli) occurs. In order to reach fragmentation of the emboli within the vessel
without compromising the integrity of the vascular wall, the aiming beam is usually
displaced by 150 pm in the direction of the vitreous from the area of localization of
the emboli. Hemorrhages in the area of laser exposure are undesirable events and can
significantly complicate further manipulation or force a stop of the intervention. In
case of small hemorrhage, application of pulse laser energy onto the hemorrhage site
can displace the blood and restore the visualization of the embolus for further treat-
ment. Significant vitreous hemorrhage is usually an indication to stop laser surgery.
Laser induced vitreous hemorrhages can be controlled by increasing the intraocular
pressure with contact lens pushed against the eyeball (Fig. 15.1b—d).

The endpoint treatment criteria in our patient cohort were BCVA, restoration of
blood flow on FA, decrease of the retinal thickness and restoration of the integrity of
the retinal layers on OCT, as well as subjective improvements in the patients’ visual
field within 1-2 weeks after the treatment.

In 49 cases (71.1%) visible emboli were detected during ophthalmoscopy, and
in 20 CRAO cases (28.9%) there were no visible intravascular emboli. The mean
duration of the RAO in the entire group was 16 days (range 5-30 days). The
mean BCVA at presentation was 0.17 decimal (range 0.001-1.0 decimal). At the
2 weeks follow-up, the mean BCVA was 0.37 decimal (range 0.001-1.0 decimal)
(Table 15.1). The increase of the BCVA in the group with BRAO was documented
in 11 cases (91.7%), and in the group with CRAO in 8 cases (14%). Complete
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Fig. 15.1 ND: YAG laser embolysis in a patient with BRAO with a visible embolus. a aiming
beam was focused on the embolus (white arrow). Thinning of the upper branch of the retinal artery
(red arrows) is shown. b preretinal hemorrhage (white arrow) occurred as complication after laser
application with restoration of the blood flow in the upper branch of the retinal artery (red arrows). ¢,
d elevation of the intraocular pressure was achieved by pushing the contact lens against the eyeball
in order to control hemorrhage (white arrows). Repeated transient decrease of the vascular flow due
to iatrogenic increase of the intraocular pressure is also shown (red arrows)

restoration of the blood flow as determined by FA was documented in 65 cases
(94%) (Fig. 15.2a, b). The regression of the retinal edema on OCT was observed
in all cases (100%) with variable preservation of the integrity of the retinal layers.
All patients from the CRAO group who did not observe an increase in the BCVA
reported subjective improvement of their visual field. However, it was not possible
to evaluate objectively the dynamics of these changes.

Case Presentation

Case 1. Male 48 y.o. presented with BRAO on his RE with visible intraluminal
embolus within the optic nerve. His initial BCVA was 0.65 decimal. The duration of
BRAO was 7 days (Fig. 15.3a). After standard ophthalmic examination, a Nd: YAG
laser embolysis was performed under local anesthesia. During the treatment, partial
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Table 15.1 EPidemiolqgic Total number of cases Patients,n | 67
data of the patients, settings
of the Nd: YAG laser and Eyes, n 69
dynamic of the visual Gender Male, n 42
function after the treatment Female, n 25
Type of RAO CRAO, n 57
BRAO, n 12
Age, y.o Average 62.1
Min 26
Max 85
Laser energy, mJ Average 2.7
Min 0.3
Max 5.0
Pulses, n Average 30.6
Min 3
Max 60
Presence of the emboli, n (%) Visible 49 (71.1%)
Not visible |20 (28.9%)
BCVA before treatment, decimal | Average 0.17
Min 0.001
Max 1
BCVA after treatment, decimal Average 0.37
Min 0.001
Max 1

Fig. 15.2 Fluorescence angiography before (a) and after ND: YAG laser embolysis (b). a local-
ization of the embolus is indicated with a white arrow. Yellow arrows depict the occluded artery as
well as ischemic retinal area. b restoration of the blood flow in the occluded artery (yellow arrows)
is shown, as well as a post-surgical vitreous hemorrhage (red arrows)
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fragmentation of the embolus was observed, as well as intravascular formation of
air bubbles and restoration of the blood flow in the occluded artery (Fig. 15.4c, d,
e, f, and Video 1). There was no vitreous hemorrhage at the end of the intervention
(Fig. 15.3b). The paleness of the retina disappeared within 1 week after the treatment
(Fig. 15.3c). The BCVA increased from 0.65 preoperatively to 1.0 decimal within
2-weeks of follow-up.

Case 2. Female 72 y.o. was referred to our facility with BRAO on her LE with
duration of 10 days caused by an embolus in the macular area (Fig. 15.5a). Her
BCVA decreased to 0.3 decimal. Nd: YAG laser embolysis was indicated in order to

Fig. 15.3 Case 1 from case presentation. Patient with BRAO caused by visible intraluminal
embolus within the optic nerve (white arrow in a, b, ¢). Yellow arrows depict the macular area
in a and b, and resolution of the ischemia within 2 weeks after fragmentation of the embolus in
panel ¢

Fig. 15.4 Case 1 from case presentation. Solid intravascular embolus (a—white arrow, b—delin-
eation with red), which occluded a branch of the retinal artery (a—red arrows, b—red arrow).
Fragmentation of the embolus after initial (¢, d) and repeated (e, f) ND: YAG laser embolysis
with appearance of air bubbles (¢, e—white arrow, d, e—delineated with yellow) with subsequent
restoration of the blood flow (¢, d, e, f—red arrows)
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restore retinal perfusion. Application of the laser energy induced focal intraretinal
hemorrhage (Fig. 15.5b). At the 1- and 2- weeks follow-up, a complete involution
of the retinal paleness was noticed. OCT images revealed reduction of the retinal
edema in the affected area at the 1-week follow-up, with preserved integrity of the
retinal layers (Fig. 15.6a, b). Her BCVA improved from 0.3 to 0.6 decimal within
2 weeks after the intervention. In spite the intralumenal embolus was still visible at
the 1- and 2- weeks follow-up, the blood flow seemed to be restored (Fig. 15.6c¢, d).

Fig. 15.5 Case 2 from case presentation. Patient with BRAO with retinal ischemia (a—yellow
arrows) caused by visible intraluminal embolus (a—white arrow). After ND: YAG laser embolysis,
a small intraretinal hemorrhage has occurred (b—white arrow) and retinal ischemia was still signif-
icant. At the 1-(¢) and 2-weeks (b) follow-up, retinal ischemia has resolved (yellow arrows). Partial
fragmentation of the embolus (¢, d—white arrow) allowed for restoration of the retinal perfusion
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Fig. 15.6 Case 2 from case presentation. a OCT image of the edema of the inner retinal layers
caused by BRAO. b OCT image at the 1-week follow-up showed involution of the retinal edema in
the affected area and preserved integrity of the retinal layers and resumed normal retinal thickness

Complications

The most common complication following Nd: YAG laser embolysis remains being
getting a hemorrhage, which occurred in 35 (57%) of the cases, comparable to the
results published in all reviewed studies [34, 36, 37]. Hemorrhages typically were
localized preretinal or in the central vitreous (Figs. 15.1 B-D and 2B). Vitreous
hemorrhage immediately following the procedure can obscure the visualization of the
embolus and prevent further laser surgery. It was reported that application of the Nd:
YAG laser with focusing it on the hemorrhage site will displace the blood and clear
up the preretinal space enabling the further procedure [34]. Additionally, bleeding
can be controlled by applying pressure using a contact lens for several minutes.
Resolution of the vitreous hemorrhage can last up to 1-4 weeks. In most severe
cases, vitrectomy is considered necessary. Subretinal and choroidal hemorrhages,
retinal holes, false aneurisms and choroidal neovascularization have been among the
other potential complication that required additional treatment.

Preretinal and subretinal hemorrhages in our group were observed in 9 cases
(16.3%). The total number of cases with intraoperative vitreous hemorrhages was 29
(59%). However, in 20 CRAO cases without visible emboli, vitreous hemorrhage was
considered to be a desired treatment response. Therefore, the vitreous hemorrhage
as undesired post-treatment event was documented only in 9 patients (18.4%). In
our cohort, none of the patients with a vitreous hemorrhage required vitrectomy,
as vitreous bleeding resolved spontaneously within 1-2 weeks. Additionally, the
formation of retinal holes or microaneurysms of the vascular wall in the area of laser
exposure was not observed.
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Discussion

RAO is one of the most severe ophthalmic emergencies, which management remains
challenging [2—4, 44]. Prolonged ischemia of the inner retinal layers usually leads to
irreversible loss of vision. Thus, the implication of an effective treatment approach
in patients with RAO is crucial [45]. There have been many different treatment
modalities proposed to treat RAO, but none of them have demonstrated significant
efficacy to become a best treatment approach [9, 16, 29]. The use of systemic fibri-
nolytics, intra-arterial fibrinolysis, surgical embolectomy or Nd: YAG laser embol-
ysis/embolectomy or combination of these methods have been applied in order to help
patients. The role of hyperbaric oxygenation in the treatment of BRAO and CRAO
is being discussed as well [30]. Surgical removal of the embolus appears to be the
most reasonable option in regards to the pathophysiology of the RAO. However, this
approach requires a vitreoretinal intervention, which is associated with a number of
other risks on its own.

Attempts to use a laser for embolization have been described as early as 1989
by Dutton and Craig [33]. An argon laser has been used to treat lipid emboli in
case of BRAO, but to no avail. Opremcak et al. described their experience with
laser embolysis and raised the discussion of retinal endurance in ischemia [35]. It
is believed that after 100 min of occlusion of the arterial bed in the retina there are
irreversible changes, but our experience generally indicates that recovery is possible
much later than this time within 24 h or even days and weeks [45]. Most likely, this
happens as a result of incomplete occlusion of blood vessels by the embolus and the
preservation of minimal partial blood flow in the affected area or presence of smaller
collateral vessels [5, 7]. Nevertheless, it is no doubt that rapid restoration of retinal
perfusion will lead to restoration of visual function.

It has been shown that application of Nd: YAG laser embolysis/embolectomy is
associated with a rapid recovery of retinal blood flow and improved vision in patients
with CRAO and BRAO [32—43]. The most common complication when applying
laser energy is the occurrence of vitreous hemorrhage, but this appeared to be an
insignificant complication and only in a few cases required vitrectomy [34]. In our
cohort of patients, we have found that BCVA in patients with RAO treated with this
very technique increased significantly during the first week after laser embolysis as a
result of almost complete restoration of the blood flow in the obstructed arteries. Cases
with BRAO usually responded more promptly and significantly to the treatment as
the central vision in many patients could be preserved in part. Additionally, in case
of BRAO, the lesion of the central part of the macula is not obvious in the acute
phase, but the BCVA worsens, and ischemic retinal edema develops afterwards,
which can be detected by OCT. The paleness of the retina as a sign of intercellular
edema successfully disappears after Nd: YAG laser embolysis/embolectomy with
the restoration of blood flow in the artery.

We suspect that in cases of CRAO with no visible emboli, the occlusion occurs
behind the lamina cribrosa of the optic nerve. The aim of the laser assisted damage
to the retinal artery wall is to induce the fluctuation of the intravascular pressure,
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giving the opportunity to the emboli to pass through the lamina cribrosa and either to
be displaced into the vitreous cavity or to get visible and consequently fragmented
by further application of the laser.

The results of our observational study allowed us to hypothesize and distinguish
three main mechanisms which could explain the restoration of retinal blood flow
after Nd: YAG laser embolysis/embolectomy: 1. fragmentation of the emboli (laser-
assisted embolysis); 2. displacement/rotation of the emboli inside the vessel (with
possible dilation of the artery); 3. laser-induced angiotomy with evacuation of the
embolus from the artery into the vitreous (laser-assisted embolectomy).

In general, Nd: YAG laser embolysis/embolectomy demonstrates promising
results compared to other treatments of CRAO and BRAO. Applying this method,
one can achieve a rapid restoration of the blood flow and a significant improvement
in the visual acuity, which is the main aim of the treatments. Nevertheless, appli-
cation of laser energy in patients with RAO shall be investigated further, as this
procedure can be a double-edged sword in regards to the risks for vitreous, preretinal
or subretinal hemorrhage. As a rule, small vitreous or other hemorrhages resolve
spontaneously and do not require vitreoretinal intervention. However, application of
the laser energy at the embolus in a large vessel on the optic disc can cause significant
vitreous hemorrhage that may require vitrectomy.

Conclusions

CRAO and BRAO belong to ophthalmic emergencies, as the prognosis for vision
recovery depends on the speed of care. It is important to determine which etiological
risk factors may be the causes of CRAO/BRAQ: atherosclerosis (80% of cases),
occlusion by an embolus detached from a parietal thrombus in the carotid artery, cases
exacerbated by retinal artery spasm, arterial hypertension or heart disease, ulceration
of the heart valves (infectious endocarditis), thrombosis of the lumen of the vessel
in the background of retinovascular disease, spasms with neurocirculatory dystonia,
exogenous and endogenous intoxication of the body, and rarely temporal giant cell
arteritis and drug use. Treatment should be aimed at the immediate resumption of
blood flow of the central retinal artery.

Implication of the ND: YAG laser embolysis/embolectomy as an alternative
approach to treat CRAO and BRAO is a minimally invasive procedure and can be
applied in any eye care unit by qualified laser specialists.
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Chapter 16 ®)
Laser Treatment of Submacular Geda
Hemorrhages

Lyubomyr Lytvynchuk, Stanislav Saksonov, Goran Petrovski,
and Andrzej Grzybowski

Introduction

Submacular hemorrhage (SMH) remains one of the most vision threatening compli-
cations of the retinal and choroidal vascular disorders [1]. Among the causes of SMH,
traumatic choroidal rupture, pathologic myopia, angioid streaks, intake of anticoag-
ulants, systemic cardiovascular and infectious diseases have been determined so far
[2, 3]. The geographic and exudative forms of age-related macular degeneration
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(AMD) belong to the most frequent reasons for development of choroidal neovas-
cularization (CNV) and retinal angioid proliferation (RAP) with subsequent SMH
[4-6]. Bennett et al. analyzed the visual function of 29 patients with massive SMH
involving the fovea centralis region and found the following risk factors to deter-
mine a poor visual prognosis: great thickness of the hemorrhage, AMD, diameter
of the hemorrhage, choroidal rupture [7]. While tiny or thin SMH usually do not
require treatment and may only be observed, thick or large in diameter SMH shall
be promptly treated in spite the efficacy of the existing therapeutical and surgical
approaches is limited. Massive SMH are associated with exudative detachment of
the photoreceptor layer (PRL) from the retinal pigment epithelium (RPE), and RPE
detachment caused by choroidal bleeding. Thick SMH obscures the RPE, decreasing
significantly the visual function and possibility to examine the underlying retina for
potential causes [4]. The application of the spectral-domain/swept source optical
coherence tomography (OCT) and OCT angiography into everyday use allows the
scanning beam to penetrate the SMH and reach the RPE and the Bruch’s membrane,
and even visualize the choroid in order to differentiate the pathology from other
causes [8, 9].

Accumulation of the blood in the subretinal space initiates a cascade of damaging
mechanisms, which in turn determine the future postoperative prognosis [4, 10].
The mechanical detachment of the photosensory retina from RPE induces atrophic
changes in the outer retina. The toxic action of hemosiderin, iron ions and fibrin on
the RPE and PRL deteriorates the retinal damage. Additionally, tangential traction
caused by the blood clots and subretinal scars can tear the RPE and PRL accordingly.
Development of these pathological changes requires some time. Hence, earlier treat-
ment can be beneficial and increase the chances for improvement of the visual func-
tion [4, 10-12]. To date, a number of treatment concepts and modalities have been
proposed and applied in clinical practice [13—15]. Amid most applied therapeutic
approaches, photodynamic therapy of the bleeding vessels (PDT), intravitreal injec-
tion (IVI) of tissue plasminogen activator (TPA) and anti-VEGF agents, IVI of gas
and vitrectomy with subretinal injection of TPA [16-20], have all been described. The
PDT approach belongs to the minimally invasive ambulatory procedures. However,
it targets the bleeding vessels but not the hemorrhage itself.

The use of Nd: YAG laser as minimally invasive approach has been reported only
for the treatment of preretinal subhyaloidal hemorrhages, and hemorrhages under the
internal limiting membrane [21-24]. However, the use of the Nd: YAG laser induced
retinotomy to treat SMH has not yet been proposed so far. Moreover, laser-induced
retinotomy has been reported to be among the undesired complications of Nd: YAG
hyaloidotomy or membranotomy [24].

In this chapter, we present the novel approach for the treatment of SMH using
Nd: YAG laser developed and applied at the Department of Ophthalmology, National
Medical University (Kyiv, Ukraine) since 2015. All treated patients were informed
about the standard treatment methods as well as the novel approach using Nd: YAG
laser retinotomy for SMH.

Surgical technique and pulse energy. Nd: YAG laser retinotomy to treat SMH is
similar to the concept of Nd: YAG laser embolysis and Nd: YAG laser membranotomy
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where the laser energy is applied onto the surface of the retina [23]. Performance
of a retinotomy in order to release the trapped hemorrhage laying in the subretinal
space is the main novelty of this approach. One to three laser-induced retinotomies
shall be performed. Immediately after the laser procedure, the SMH gains a way to
escape into the vitreous cavity. Slight vitreous opacification due to SMH migration
is possible, but it reabsorbs within few weeks.

Our own experience with the technique. With this approach ten cases (10 patients)
were treated who presented with late stage exudative (AMD). The presence of
fibrovascular retinal detachment caused by SMH were among the inclusion criteria
to perform Nd: YAG laser retinotomy. Before treatment, all patients underwent stan-
dard ophthalmological examination including fundus photography and OCT, which
were performed before, and immediately after the procedure, as well as in 1-, 3-
and 6-months post-treatment. In our setting, we used a Lightlas YAG laser system
(dysrapter) with wavelength 1064 nm (Lightmed, San Clemente, CA, USA) and
Singh MidVitreous contact lens (Volk, Mentor, OH, USA). After the eye surface was
anesthetized and the contact lens was applied onto the cornea, we performed one to
three laser retinotomies in the area of SMH outside the fovea centralis to obtain a
small leackage of the SMH from the subretinal space into the vitreous cavity. Addi-
tionally, an IVI of anti-VEGF agent was performed on the same day or shortly after,
and repeated at 1-month intervals. Gradual hemorrhage resorption appeared in 1 to
2 weeks after the surgery. Fibrin plaques in the subretinal space were noticed during
the reabsorption period with significant decrease in their size by the 3rd month of
observation.

The initial best corrected visual acuity (BCVA) in the treated cohort was 0.16
decimal (range 0.1-0.4) (Table 16.1). Improvement of the BCVA coresponded to the
resorption of the hemorrhage. After the maximal reabsorption of the blood in the
foveal area, approximately in 2—3 months after the surgery, the average BCVA in the
treated group increased to 0.31 decimal (range 0.05-0.5).

In six cases after the SMH reabsorbtion, a RPE detachment and folding was
observed, which limited the increase in BCVA, although the patients noticed signif-
icant improvement of vision. All patients reported a subjective recurrence of the
central visual field.
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Tal?le 16'1, Data of the Total number of cases Patients, n 10
patients with submacular
hemorrhage and settings of Eyes, n 10
the Nd: YAG laser, as well as  Gender Male, n 6
dynamics of the visual
. Female, n 4
function after the treatment
Age, y.o Average 66.7
Min 56
Max 87
Laser energy, mJ Average 2.1
Min 0.7
Max 3.0
Pulses, n Average 15.5
Min 2
Max 40
BCVA before treatment, decimal Average 0.16
Min 0.01
Max 0.4
BCVA after treatment, decimal Average 0.31
Min 0.05
Max 0.5

Complications

Slight central vitreous opacification was noticed in all cases, but it was not significant
and resolved within few weeks. Reabsorption of the SMH in § cases was accompanied
by local exudative retinal detachment (RD) in the macular zone with distinct adhesion
between RPE and PRL along the edge of the hemorrhage. However, the subretinal
fluid resolved spontaneously and those events required no additional therapy. Subtotal
RD developed in one case after 3 months of positive dynamics due to persistent
subretinal fluid (SRF). This patient was treated by pars plana vitrectomy.

Case Presentation

Case 1. Male 66 y.o. presented with SMH due to exudative AMD on his LE (Fig. 16.1).
The duration of SMH was 6 days (Fig. 16.1A) and the BCVA before the treatment was
0.01 decimal. After standard ophthalmic examination, Nd: YAG laser retinotomies
(n = 2) were performed under local anesthesia (Fig. 16.1B). During the laser treat-
ment, the following parameters were used: energy—1.1 mJ, pulses—12. The same
day, an IVI of anti-VEGF was instilled. Resolution of the SRF was noticed within
3-4 weeks, with clearing of the fovea centralis and presence of residual fibrin plaque
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in the temporal paramacular area (Fig. 16.1D). BCVA improved to 0.2 decimal
within 4-weeks from treatment. Preoperative OCT imaging showed SMH with RPE
detachment and choroidal hemorrhage (Fig. 16.2A). At 4 weeks after the treatment,
OCT revealed reabsorption of the SMH and involution of the RPE detachment and
choroidal bleeding (Fig. 16.2B). There was only slight hyperpigmentation at the site
of the laser retinotomies on fundus imaging (Fig. 16.1D).

Case 2. Male 87 y.o. complained on sudden decrease of vison in the last 4 days.
Diagnosis at the admission: exudative AMD with SMH of the RE (Fig. 16.3A). The
BCVA on his RE was 0.05 decimal. Single Nd: YAG laser retinotomy was performed

A -

Fig. 16.1 Case 1. 66 y.o. RE: submacular hemorrhage due to exudative AMD, BCVA (decimal).
A—surbetinal and choroidal hemorrhage covering almost entirely the macula at the time of presenta-
tion. B—yellow arrow indicates a small perifoveal retinotomy with whitish swollen edges performed
by ND: YAG laser (yellow arrow) immediately after the surgery. C—slow evacuation of the
subretinal blood into the vitreous cavity (yellow arrow) was seen 1 h after the surgery. D—signifi-
cant involution of the subretinal blood in 4 weeks after the surgery is observed. Yellow arrow depicts
barely visible retinal changes at the site of the laser retinotomy
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Fig. 16.2 Case 1. 66 y.o. RE: submacular hemorrhage due to exudative AMD, BCVA (decimal).
A—optical coherence tomography of the foveal area before the surgery with subretinal and choroidal
hemorrhage associated with RPE detachment. B—resolution of the subretinal and choroidal
bleeding with decrease of RPE detachment

in the upper temporal area within the macula with energy of 1.0 mJ and number of
pulses of 17. Partial resolution of the SMH with two residual subretinal fibrin plaques
with no scaring of the laser retinotomy site were observed in 4-5 weeks after the
surgery (Fig. 16.3B). Subretinal fibrin reabsorption was documented at the 8-weeks
follow-up (Fig. 16.3C). BCVA improved to 0.4 decimal at 4 weeks after the Nd:
YAG laser retinotomy.

Discussion

SMH in exudative AMD complicates the course and radically reduces the patient’s
visual function as well as nullify the achievements of the anti-VEGF therapy [4,
5]. Massive SMHs occur suddenly and usually are associated with worsening of the
disease and/or with detachment and/or duplication of the RPE [4, 10]. The separation
of the RPE itself remains masked by the hemorrhage and becomes available for visu-
alization after resorption or removal of the hemorrhage [11]. In the cases of massive
SMHs with large prominence into the vitreous cavity during blood resorption, a
retinal detachment within the hemorrhage is also formed.

Standard recommendation in such cases is to continue giving anti-VEGF therapy
[25]. Vitrectomy with intravitreal or subretinal TPA application is also an option,
which shows good visual results, but is not always associated with a subjective
improvement of BCVA and requires much skills [19]. The complex vitreoretinal
procedure has always a risk for intra- and postoperative complications including
iatrogenic retinal holes [26]. Retinal holes in the macular are undesired events which
usually do not lead to the development of retinal detachment and do not require
laser photocoagulation [27]. Similarly, laser hyaloidotomy for preretinal hemorrhage
can also be associated with the risk of iatrogenic retinal rupture at the site of laser
exposure [27-30]. Such openings rarely lead to retinal detachment. Therefore, we
consider the targeted laser-induced retinal hole formation for the treatment of SMH
to be a relatively safe procedure. Moreover, laser energy required to perform a small
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A B

Fig. 16.3 Case 2. 87 y.o. RE: submacular hemorrhage due to exudative AMD, BCVA (decimal).
A—submacular hemorrhage at the time of treatment. Yellow arrow depicts a small perifoveal retino-
tomy with swollen edges performed by ND: YAG laser. B—gradual involution of the blood with
residual subretinal fibrin plaques in 4-5 weeks with slight pigmentation of the area of laser retino-
tomy (yellow arrow). C—complete resolution of the subretinal hemorrhage in 8-weeks period. The
site of laser retinotomy shows no further chorioretinal scarring (yellow arrow). D—intraoperative
view of the retinal surface. White arrow indicates the site of future laser retinotomy (white arrow).
E—the flow of the subretinal blood into the vitreous cavity (white arrow). F—slow progression of
the blood evacuation towards the vitreous cavity at the end of the laser surgery (white arrow)

retinotomy above the SMH does not reach the pigmented epithelium layer as it is
absorbed by the blood cells. Therefore, otherwise typical for laser photocoagulation,
chorioretinal scaring does not develop with Nd: YAG laser retinotomy.

The data obtained from this observational study consider the performance of Nd:
YAG laser retinotomy to be a useful and minimally invasive treatment method for
rapid hemorrhage resorption. The idea behind it is to include the subretinal, and in
some cases sub-RPE cavity filled with blood, to the hemodiluting activity of the
vitreous body and its enzymes available for that. Quick resorption of the SMH after
a Nd: YAG laser retinotomy facilitates a positive result, improves prognosis and
prevents the deposition of the fibrin plaques in the subretinal space. Implementation
of this methods has shown that even massive hemorrhages can be reabsorbed quickly
with minimal risk for secondary atrophy of the RPEs.
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Conclusions

SMH in geographic and exudative AMD remains the most vision threatening compli-
cation, which can significantly deteriorate an already compromised central vision;
if untreated, it has a poor prognosis [1, 7]. To date, there is no state-of-the-art ther-
apeutical approach which could be reproducible, well tolerated and highly effective
in treating SMH. Blood toxicity, mechanical damage of the inner retinal layers and
complexity of the pathologic changes in the case of SMH are time-dependent. There-
fore, an ambulatory and minimally invasive therapeutic method would be of use as an
alternative treatment modality in this vulnerable elderly group of patients. Clinical
application of Nd: YAG laser retinotomy to treat SMH appears to be novel, effective,
safe and minimally invasive method, and it can be used in an out-patient eyecare
units by ophthalmologists having experience with laser treatment. The efficacy of
this method, however, remains to be investigated in larger patients’ cohorts in order
to evaluate its long-term effects.
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Chapter 17 )
Retinal Laser Telephotocoagulation e
and Teleeducation

Igor Kozak

The field of teleophthalmology has evolved from a research tool to a useful clin-
ical service in many areas of ophthalmic diagnostics and care. Teleophthalmology
has been shown to be a valuable means for extending care to larger populations
of high-risk patients with diseases such as diabetic retinopathy, glaucoma, and/or
retinopathy of prematurity [1-4]. Pertinent to retinal care, the most recent develop-
ments include retinal “telephotocoagulation” and “teleeducation”. Telephotocoagu-
lation describes the ability to prepare and guide retinal laser treatments (teleguidance)
by an expert from a remote location. Teleeducation enables learners to gather more
practical experience and feedback during their laser training through digital channels.
Both concepts may help overcome the lack of experts in retinal laser care as well
as the challenges in laser training while allowing clinics to respect social distancing
when in-person trainings are to be minimized as much as possible.

The Concept of Telephotocoagulation with Navigated Laser

The navigated laser, camera based laser delivery system, uses the concept of pre-
planning treatments on either fundus photo and/or overlaid diagnostic images such
as fluorescein angiogram or optical coherence tomography thickness map [1, 2].
As the transfer of images and its subsequent analysis is the basic concept of
telemedicine/teleophthalmology, the laser system NAVILAS (OD-OS Inc., Teltow,
Germany) is an ideal system to use for distant planning and retinal telephotoco-
agulation. The original concept of retinal telephotocoagulation based on “offline”
image-based treatment planning and using a navigated laser system was introduced
in 2017 by Kozak et al. In their study, Clinic 1 (located at the King Khaled Eye
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Specialist Hospital, Riyadh, Saudi Arabia) collected retinal images and fundus fluo-
rescein angiogram. Clinic 2 (located at the Palmetto Retina Center, West Columbia,
SC, USA) created image based treatment plans based on which macular laser photo-
coagulation with motion-stabilized laser delivery was performed back at clinic 1.
The teleretinal treatment plan was able to be successfully completed in all eyes thus
demonstrating the feasibility and safety of using telemedicine to perform navigated
retinal laser treatments regardless of geographical distance [3].

Chen H et al. have further advanced this concept and shown ability to plan the
treatment online while having an expert available for consulting in real-time. Retinal
telephotocoagulation operations were performed on all eyes without any noticeable
delay during treatment. The study concluded that applying novel technologies may
continue to ensure that remote patients with DR and other conditions have access to
essential health care [4].

Teleeducation

Retina laser treatment is a critical task which requires experience and intense training
to be performed safely and efficiently. Expert knowledge is needed to define the
best treatment approach and to perform a precise treatment—especially when using
a manually operated slit lamp based laser. However, the retina laser expertise is
becoming scarce as retina experts face growing numbers for diabetic retinopathy
and other retina diseases worldwide leaving less time for education. In addition,
resident physicians have less chances opportunities to gather practical experiences
with laser as some diseases have used intravitreal injections as the primary care.
Thus, less patients are available for residents to study “correct” laser treatments
by observation of more experienced colleagues. At the same time, trainers have
little opportunity to accompany the practical learning process and provide regular
feedback. In addition to this, the potential pandemic situation also complicates several
steps such as “observation” as the goal is to minimize number of persons within the
treatment room.

Feasibility of teleguided treatment with navigated laser opens up the opportunity
of teleguided education (distant learning) which can help overcome current restraints
in the learning of retinal laser care, such as lack of practical experience under expert
guidance. At the same time, remote guidance and distant learning help respect social
distancing during the pandemic times when in-person trainings are to be minimized
as much as possible.

Retinal laser teleeducation module developed by OD-OS Inc. has three main
components: distant learning, distant guidance and distant planning (Fig. 17.1).
Distant learning enables learners to observe live laser treatments from a remote
location. With typical slit lamp laser treatments only 1 person is able to observe the
application of laser spots via an ocular tube. With the possibility to tele-wire the
digital treatment screen of a navigated laser treatment, a larger group of residents
may benefit from seeing an expert practically perform a variety of cases of laser
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treatments. Distant guidance allows an expert sitting in a remote location to observe,
interfere through remote control and guide less experienced doctors in performing
a retinal laser treatments. This way, learners may benefit from more frequent feed-
back and improve skills and quality of their treatments. Remote planning makes
expert knowledge available also in underserved areas. It allows an experts to create
laser plans which are then performed in the local region with the knowledge that the
treatment approach has been designed by a physician with experience in the field.
There are, naturally, challenges for wider practical implementation of retinal tele-
photocoagulation. Despite the feasibility of the technical realization of telephotoco-
agulation, there is a barrier of device cost which needs to be addressed. Although
expert knowledge might be used highly efficient over country borders, the laser equip-
ment to perform controllable telephotocoagulation needs to be purchased regionally.
In economically challenged countries, this can be an issue. An important aspect to
remember is also the technical set-up of telephotocoagulation that needs to comply
with regulatory as well as information technology (IT) safety and data protection
requirements for particular clinics and countries. Finally, the liability for the treat-
ment requires a careful agreement between both treating parties, as well as the patient.
As of current regulatory understanding, the medical liability remains with ophthal-
mologist who is sitting in front of the laser and activates it for treatment. This,
however, may change with the broader adoption of teleophthalmological solutions

Distant Learning Distant Guidance Remote Planning

W AF | B LB

Expert supenvises Doxtor n trairing Expert plara Usmansed
treaimen remosety treats at Navian® sermotely o Wl ® Nias®

Fig. 17.1 The retinal laser teleducation module using navigated laser technology shows distant
learning, distant guidance and remote planning modules in scheme (upper panels) and in practice
(lower panels)
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in the future. More studies and practical experiences are need to define the best
approach on how to efficiently integrate these concepts in daily clinical care.
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Chapter 18 )
Diabetes Mellitus Associated Progressive
Neurovascular Retinal Injury

Stephen H. Sinclair

Abstract Diabetes mellitus is now recognized as a systemic, autoimmune,
microvascular disorder, which, in the retina results in severe, multifocal injury now
recognized as a leading cause, world-wide, of progressive vision loss. To address
this problem in the prediabetic and overt diabetic states, it must be realized that,
although the injury processes may be system wide, there are varying responses,
effector, and repair mechanisms that differ from organ to organ or within varying cell
structures. Specifically, within the “neurovascular unit” of the retina, lesions occur
of focal microvascular occlusions, inflammatory endothelial and pericyte injury, and
small vessel leakage resulting in injury to astrocytes, Miiller cells, microglia, and
causing progressive neuronal apoptosis and death. Such lesions are now recognized
to occur before the first microaneurysms are visible by fundus camera imaging or
before detectable symptoms or signs recognizable to the patient or clinician. Treat-
ments, therefore, which currently are not initiated until edema develops or progres-
sive vascular occlusion, are applied relatively late with some reduction in progres-
sive cellular injury but with minimal vision improvement. Desperately needed are
newly developed imaging and functional testing methods that detect the early stages
of microvascular injury and neuronal apoptosis when the processes are potentially
reversible, not following severe, widespread atrophy. Treatment, when applied at
such early stages, therefore can preserve far better functional vision. However, to be
acceptable, such interventions must be minimally invasive with patient appreciated
improvement in vision. Micropulsed applications of laser retinal phototherapy appear
to offer treatment for such early intervention, not just to reverse the early alterations,
but also for later stages of the progressive neurovascular and vision degradation when
patients will continue to present.

Keywords Diabetic retinopathy - Neurovascular degeneration - Micropulse laser
retinal therapy
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Introduction

There are 463 million persons worldwide with diabetes mellitus, representing 9.3% of
the adult population. This is expected to double in the next 25 years [1], with approx-
imately 37% of adults older than 20 years and 51% older than 65 having prediabetes
with predicted high rates of conversion to type 2DM with aging [2]. It is now recog-
nized that diabetes, along with prediabetes, presents a severe risk for the development
and progression of retinal, optic nerve, and brain neurovascular dysfunction [3-8],
resulting in severe vision loss [9, 10]. The focus of the medical industry predom-
inantly has been to examine the effect of hyperglycemia control along with other
aggravating comorbid factors (hypertension, hyperlipidemia, smoking, obesity, and
sleep apnea) on the progression of large vessel occlusive disease, because of the
rising incidence of stroke and myocardial infarction [11-13]. However, it is now
recognized that the small vessel disease is 20-30 times more common, resulting
in severe disabling neuronal injury with resultant progressive vision and cognitive
impairment [14-21].

To address this problem, it must be realized that, although some of the injury
processes associated with diabetes are system wide and, therefore, possibly amenable
to systemic therapy, there are varying response, effector, and repair mechanisms that
differ from organ to organ or within varying cell structures within an organ tissue.
For instance, inflammatory processes in the pancreas that result in beta cell death
and reduced insulin production, are different from those in the adipose tissue that
increase insulin resistance and are also different from responses within tissues of
neurons, astrocytes, microglia, pericytes, and endothelia of the retina, now termed
the “neurovascular unit” and, as well, with genetically defined variable susceptibility
[22].

The Normal Human Retinal Neurovascular Unit
and the Lesions Associated with Diabetes

The inner retina and brain neuroparenchyma demonstrate organization of a microvas-
culature supplied by small, perforating, independent vascular units that demonstrate
little ability to provide collateral flow [23, 24] but, rather, demonstrate an intensive
balance between tissue metabolism and vascular regulation of blood flow, termed
autoregulation. The local precapillary arterioles are very sensitive to local extravas-
cular oxygen levels. Because of the tendency of the intense light focused on the retina
to potentially generate oxygen-free radicals within the tissue [25], the blood flow is
maintained at critically low oxygen levels, therefore requiring extremely careful
regulation of flow, moment to moment, despite changes in arterial inflow or venous
outflow pressures. While the choriocapillaris supply to the outer retina manifests a
high flow rate to provide high oxygen delivery for the intense oxygen consumption of
the immediately overlying photoreceptors, as well as stabilizing generated heat, little
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oxygen diffuses through into the middle and inner retina. At night the photoreceptor
and middle nuclear layer neurons become hyper-polarized (termed “dark current”) in
order to reduce spontaneous transmissions (flashes of light), also requiring sensitive
adjustment of flow within the middle nuclear and parenchymal layers. In humans,
non-invasive flow measurements allow assessment of baseline flow by laser doppler
velocimetry along with autoregulatory changes that can be induced by alterations of
inhaled oxygen and/or perfusion pressure [26].

Astrocytes in the inner retina synapse on blood vessels to control such autoregu-
lation [27], while Miiller cells, which span all retinal layers, coordinate the vascular
responses to meet the metabolic demand of neurons, interchange metabolites,
recycle neurotransmitters and glutamate, and control extracellular ion homeostasis.
Microglia, which normally reside within the plexiform retinal strata, exhibit rami-
fied processes responsible for immune surveillance along with monitoring noxious
insults such as oxidative stress, hypoxia, or inherited mutations, that trigger prolif-
eration and migration of the cells to the sites of injury [28, 29]. Coordinated activity
among neurons, Miiller cells, astrocytes, and microglia, together with the microvas-
culature, is essential for the maintenance of normal metabolic function and visual
perception. Although the local autoregulatory mechanisms pre-eminently attempt
to maintain flow aligned with metabolism, it is recognized that certain conditions,
such as vasospasm induced in the peripheral limbs due to cold exposure also produce
coexistent transient reductions in retinal blood flow in susceptible individuals (termed
systemic vascular dysregulation, SVD) [30]. Although these are thought to be tran-
sient, SVD has been associated with a risk for anterior ischemic optic neuropathy,
retinal venous occlusion, central serous chorio-retinopathy, and especially for glau-
comatous disc nerve-fiber-layer progressive loss [31, 32]. More recently SVD has
been associated with a more chronic, reduced parapapillary, microvascular density
in what were thought to be normal eyes [32]. This may be only one manifestation
of system-wide disorders that alone, or perhaps in conjunction with local ocular
abnormalities, may result in more prolonged injury to the microvasculature.

The coordination of blood flow to metabolic demand, synaptic activity, and waste
removal is coordinated through neurotransmitter-mediated signaling, particularly
through glutamate release of nitric oxide from neurons and of arachidonic acid
derivatives from astrocytes (and possibly from neurons) and by ATP conversion to
adenosine [33-35]. The blood-retinal barrier is formed by the continuous microvas-
cular endothelium and its underlying basement membrane with pericytes that tightly
encircle the endothelium, and astrocytes in the surrounding tissue space that extend
their cell processes between the endothelia to insert on the basement membrane.
Pericytes are noted to be highly susceptible to damage in ischemic conditions (when
ATP levels are low) suggesting the possibility that pericytes are the cause of the
prolonged constriction of capillaries at the start of a stroke [36] as they remain in
rigor (because no ATP is available to relax their contractile filaments), causing the
capillaries to remain too narrow for the passage of blood cells, predominantly leuko-
cytes. In agreement with this, pericytes are noted to remain constricted even for
hours after the re-opening of an occluded parent artery (in brain models [37]) that
results in endothelial damage and capillary leakage. Suppression of oxidative and
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nitrosative stress prevents this pericyte constriction, restoring the patency of capil-
laries and tissue recovery [37]. This has important implications to the understanding
of tissue reactions to prolonged ischemia due as well to chronic small vessel disease,
as well as with the occurrence of vacillations in oxygen levels or in blood pressure
(as occurs with sleep apnea in which transient drops in oxygen induce autoregulatory
dilation of the retinal arterioles resulting in capillary hypertension that is severely
aggravated with the sudden rise in blood pressure occurring at the “reprise” end of
each apneic episode and has been associated with capillary occlusion even in normal,
non-diabetic individuals suffering sleep apnea [38]).

The mechanisms by which the retinal microvasculature in the diabetic individual
is more susceptible to large, as well as small vessel abnormalities of flow regula-
tion are now better understood. In the human diabetic eye, increased blood flow has
been measured associated with elevations of serum glucose, known to occur as well
in the eye of the “prediabetic” with hyperglycemia variation [39]. This results in
capillary hypertension [40, 41] along with a reduced capability of autoregulation,
[26, 41-43], apparently worse in the middle retinal layer than that in the inner, more
superficial layers [44], but, in both, due to abnormalities of the nitric oxide (NO)
messenger within the arteriolar musculature [45]. These mechanisms, as well the
recognized additional factors of hypertension, smoking, sleep apnea, and others that
will be discussed below, result in aggravation of both retinal small vessel ischemic
lesions in the diabetic and prediabetic populations [46, 47] with progressive vision
loss (and in the brain, which shares similar outcomes, resulting in microvascular
cognitive impairment and dementia [48]). While arteriolar oxygen reactivity and its
match with metabolism have been the primary focus of investigations into the aber-
rant cause of the retinopathy, it is also now recognized that toxic byproducts which
accumulate in the interstitial, perivascular space result as well in neuronal apoptosis.
Such toxic products have been thought to be eliminated primarily via the veins.
However, more recently perivascular accumulated fluid, and metabolic byproducts,
have been demonstrated to exit also via the lamina cribrosa and a hypothesized glym-
phatic CSF drainage [49]. While the importance of this aspect of toxic removal is
now better recognized in the pathogenesis of glaucomatous nerve fiber layer injury,
its causation in other retinal and brain neurodegenerations at this time remains only
hypothetical.

Diabetic retinopathy (DR) has traditionally been considered to be a microcircu-
latory disease caused by the deleterious metabolic effects of hyperglycemia per se
and the metabolic pathways triggered by hyperglycemia, including the polyol [50],
hexosamine, and DAG-PKC pathways [51, 52], resulting in advanced, glycation
end-products [53] and the induction of oxidative stress [54]. The primary retinal
lesions, however, are now recognized as small neurovascular lesions composed of
both focal vascular occlusions mixed with varying degrees and types of inflamma-
tory endothelial and pericyte injury. These produce small vessel leakages that result
in injury to structural astrocytes, Miiller cells, and microglia, with both processes
causing progressive focal neuronal apoptosis that has been noted to occur in diabetic
as well as many prediabetic individuals. The earliest structural change appears to
be a loss of microvascular pericytes via apoptosis or migration, which then leads
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to weakening of the blood-retinal barrier [55] through loss of the inter-endothelial
tight junction proteins [56]. This precedes, but results as well, in apoptosis of the
endothelial cells, resulting in loss of endothelial nitric oxide (NO) production. NO
is the primary vasodilator that provides for the normal small arteriolar autoregula-
tory capabilities discussed above. Furthermore, capillary hypertension, caused by the
elevated flow levels in the remaining patent vessels, is recognized to stimulate the
endothelial cell production of inter-cellular adhesion molecules (ICAMS) that slow
and obstruct the normal passage of white blood cells through those capillaries [57]
with subsequent WBC breakdown and endothelial injury [58, 59]. Studies of retinal
vessel oxygen saturations indicate a reduction in oxygen delivery, confirming such
focal occlusions with increased flows that occur within the surrounding microvascu-
lature units early within diabetics [60], but resulting in significant focal variations in
delivery of oxygen, nutrients, and waste removal.

For the past 50 years, however, the clinical focus for detecting and grading diabetic
retinopathy (DR), as well as considering the instigation of treatment, has been the
viewing on examination of secondary retinal vascular lesions of microaneurysmes,
hemorrhages, intra-retinal and epiretinal microvascular proliferation, arterial wall
thickening and venular irregular dilation, with varying degrees of intracellular and
extracellular edema and irregularly scattered lipid [61, 62]. Of greater significance,
is that neuronal and Miiller cell death occurs in focal patterns within multiple retinal
layers much earlier (in both diabetic and prediabetic individuals) [63, 64], even prior
to the pericyte and endothelial cell apoptosis [64—69]. These alterations, however, are
not visible on examination or appreciated with standard imaging by fundus cameras or
ocular coherence tomography (OCT) until there is fairly severe, wide spread neuronal
death and atrophy that is appreciated structurally as progressive layer thinning on
OCT of the inner retinal nuclear layers and nerve fiber layer [64, 66—-68, 70-72]. This
occurs in 20% of diabetics even prior to observation of microaneurysms [71] and
in prediabetics as well [73]. In addition, the Miiller cells (macroglia) and microglia
appear to play key roles in what is considered to be an inflammatory process [74] via
activation of their endoplasmic reticulum from the stress of hyperglycemia [75]. The
stressed Miiller cells express vimentin and glial fibrillary acidic protein (GFAP) that
have multiple effects upon both neural [76, 77] and capillary regeneration [78]. As
well it should be understood that Miiller cells act as living optical fibers that guide
red and green light through the inner retinal tissue to specialized cone photoreceptors
[79], minimizing intra-retinal light scatter to support high resolution vision [80, 81].
Therefore, reactive gliosis of and by Miiller cells [74] contributes to the early visual
abnormalities that have been detected in diabetic subjects via multifocal ERG [82—
841], as well as when tested at fixation via blue-sensitive acuity or contrast sensitivity
at low light levels [65, 85, 86] as well as throughout the macula with resolution
perimetry conducted under low illumination, low contrast conditions [87].

Unfortunately, these functional and electrophysiologic tests are seldom performed
in the standard ophthalmologist’s or optometrist’s office and are not recommended in
current evaluation guidelines [88], resulting in the relatively late discovery of injury
when macular edema or the more severe lesions of DR are recognized [89]. This
delays intervention, currently consisting primarily of repeated intravitreal injections
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of antiVEGF or steroid medications that result in marginal vision improvement.
In multiple studies, only 25-34% demonstrate improvement of >3 ETDRS lines
of high contrast, photopic visual acuity, and primarily only among the eyes with
severe retinopathy and severely reduced initial vision, and with 23% considered non-
responders and 27% having only a moderate response [62, 90-93]. Recent methods
of OCT derived microvascular analysis (termed OCTangiography, OCTangio) have
provided analysis of the retinal microvasculature. These demonstrate that reductions
in microvascular density occur prior to the development of the traditional retinopathy
lesions and progressively worsen over time, correlated with worsening grades of the
retinopathy [94-97]. The microvascular disease, however, is not uniform through the
retinal layers, but occurs in a focal process primarily or earliest within the superficial
ganglion cell layer with a slower decline in the deeper internuclear, plexiform, and
middle neuronal layers [95-98], as well as within the radial peripapillary capillaries
of the nerve fiber layer [99]. However, owing to the limitations of this new imaging
modality and the great variety of algorithms utilized for vascular layer segmentation
and flow evaluation, much debate continues over which vascular plexus is primarily
affected, especially within the parafoveal area of the central vision where the layers
merge [100]. No consensus has been reached on the ideal set of quantitative metrics,
whether parafoveal vascular density or total avascular area or a derivative “adjusted
flow index”, would best quantitate microvascular occlusive progression [98] as well
as the adequacy of the remodeling that is known to occur [101]. As well, it must be
understood that flows and diameters are not quantitated, only the microvascular grid
structure. In addition, the indices derived have represented averages within the peri-
fovea; diabetes is a focal microvascular disease process, and, with this understanding,
evaluations must reflect this.

Simultaneous with the microvascular alterations, there is neuronal apoptotic injury
with death and tissue fluid that appear as darkened regions of the retina on adaptive
optics scanning laser ophthalmoscopy [101] and then with eventual diffuse atrophy
of the various layers noted on OCT beta scans as discussed above [95, 97, 102—
105]. It remains unknown whether the microvascular occlusions, with degradation
of the endothelia, pericytes, and Miiller cells, occurs prior to, and causes the neuronal
apoptosis, or whether the microvascular changes are the consequence of prior neural
tissue inflammation and cellular injury proximal to the vessels. It is now recognized
that the current, commonly utilized imaging methods fail in this regard. What is
required are improved methods to detect and grade the progression of both processes
that compromise the neurovascular integrated function with then the hopeful devel-
opment of treatments applied early in the course, before the irreversible death and
atrophy occur [87, 96, 106, 107].
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Pathologic Mechanisms Implicated in the Development
of Retinal Lesions in Diabetic Patients

Diabetes mellitus, therefore, is now recognized to involve a systemic, autoimmune,
inflammatory disorder causing focal microvascular occlusions and alterations of the
blood-retinal and blood-brain barriers, that occur in the “pre-diabetic” as well as
diabetic individuals [1, 87, 108, 109]. In the Diabetes Prevention Program (DPP),
7.9% of subjects with impaired glucose tolerance had retinopathy [110], similar to
the 8.1% prevalence of retinopathy observed among individuals with prediabetes in
the Gutenberg Health Study [111] with the variability of the glycemia a significant
recognized risk factor for both development and progression [112, 113]. HbAlc has
been the primary criteria differentiating the diagnosis of diabetes from prediabetes,
but it must be stressed that there are many recognized problems of this measurement
[114]. Although DR or its progression is recognized to be related to HgbAlc or
associations with HTN and hyperlipidemia, studies across the globe have observed
that the risk of many of the associated co-morbidities are the same in diabetics and
prediabetics and affect all age groups indicating these are complicated interactions
[5]. Across the straie of hyperglycemia definitions, the increasing requirement for
insulin, brought about by the progressive insulin resistance of peripheral fat, together
with the pancreas Beta cell loss (both a product of the autoimmune reactions) is
associated in itself with aggravated risk of vascular induced retinal as well as cognitive
dysfunction [115]. It is important to recognize that, in this regard, the retina is the
window to the brain.

Microvascular Injury, Dysregulation, and Occlusion

One proposed mechanism of vascular injury associated with diabetes is through
impairment in the regulation of the transient receptor potential cation channel
(TRPC). Under physiologically healthy conditions, the vascular wall responds to
high pressure by upregulating TRPC, triggering reactive vasoconstriction. However,
continuous stimulation ultimately results in poor flow autoregulation to the variations
of the stimulant (studied in the brain) [116]. Both aging and deficiencies in insulin-like
growth factor 1 (IGF-1) in the presence of hypertension have been shown to impair
upregulation of TRPC [117, 118], a proposed mechanism of vascular injury asso-
ciated with diabetes[119]. Failure to upregulate TRPC leaves the microcirculation
vulnerable to damage caused by the variation in pressures within the microvascula-
ture resulting in increased blood-retinal and blood—brain barrier leakage and neuroin-
flammation [120, 121]. There is also a gradual accumulation of multiple molecular
fractures of the intima and internal, elastic lamina of the microvasculature. The
accumulation of such patches eventually transforms the elastic lamina to a stiffened,
friable wall. The resulting array of structural, degenerative events in the vessel wall,
including death of endothelial cells, basal membrane thickening, and atrophy of the
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smooth muscle cells [122, 123] all lead to rupture (microbleeds), microinfarcts, and
loss of tight junctions with reduced retinal barrier integrity. In addition, within the
retinal capillaries of the diabetic, leukocyte drag and adhesion occur due to leukocyte
increased stiffness in diabetes with the upregulation of endothelial derived adhesion
molecules (ICAMS and VCAMS) that adhere with the leukocyte integrins resulting
in the adherence of the leukocyte to the endothelium and with degradation result
in focal microvascular occlusion and leakage [124—126]. The resultant increased
permeability of the blood-retinal barrier then results in interstitial accumulation of
water and cytokine proteins with further worsening of the inflammatory/oxidative
stress events that, with gliosis, damage the parenchyma. Pericytes and oligodendro-
cytes are extremely vulnerable to these ischemic and toxic insults [127, 128] also
resulting in impaired normal tissue repair [129].

Inflammatory Mechanisms Associated
with the Neurovascular Injury

Systemic inflammatory mechanisms certainly appear active in a number of the recog-
nized neurodegenerative processes of diabetes, with microglia and astrocytes as the
primary contributors to the inflammation. Normally quiescent, such activated cellular
components begin to secrete cytotoxic substances that contribute to neuronal cell
death [103]. Asdiscussed above, in the diabetic or prediabetic patient, there is chronic,
systemic, low-grade systemic inflammation [87] that is reflected by elevated serum
cytokines such as tumor necrosis factor alpha (TNF-a), C-reactive protein (CRP),
and the interleukin cytokines IL-6, IL-8, IL-1B, and the receptor antagonist, C5a
[130, 131] along with granulocyte and monocyte elevations [130, 132]. While this
inflammatory state is thought to be the mechanism by which metabolic disorders
such as diabetes are associated with the development of small vessel organ failure,
there is significant variability of the cytokines that indicates this is a complex process
among the various organ tissues [133—137].

As discussed above the neuronal apoptosis within the inner retina appears to be
preceded by loss of the microvascular pericytes and then endothelia, resulting in
loss of reactivity with very early vasodilation along with early increased perme-
ability [40, 55]. Chronic, variable hyperglycemia has been observed to cause an
increase in release of glutamate with loss of neuroprotective factors due to oxida-
tive stress with the accumulation of the waste products of glycolysis that trigger
the apoptosis [65]. However, it must be acknowledged that all of the supporting
structures of the neurons, including the Miiller cells, astrocytes, pericytes, and infil-
trating monocytes (microglia), have also been defined as critical participants in the
neuroinflammatory and protection processes [138]. Activated Miiller cells mediate
both protective and detrimental effects upon the ganglion cell layer neurons of the
retina through a variety of receptors that result in the expression of multiple factors
affecting neuronal survival [139] including glial fibrillary acidic protein (GFAP),



18 Diabetes Mellitus Associated Progressive Neurovascular Retinal Injury 317

vimentin [140, 141] and growth factors, such as brain-derived neurotrophic factor
(BDNF) and platelet-derived growth factor B (PDGF-B) [64, 74, 142]. Miiller cells
also manifest a protective role by absorbing glutamate, reducing the extracellular
glutamate cytotoxic effects [143, 144]. Diabetes not only reduces the Miiller uptake
of glutamate within the neuro-retina [145] but also reduces the activity of glutamine
synthetase, hindering it’s ability to convert the excess glutamate to inactive glutamine
[146] or to oxidize the glutamate to a-ketoglutarate [143]. Activated Miiller cells,
therefore, serve not only as rapid sensors of neuronal damage to initiate repair and
neural regeneration [147, 148], but they may also initiate a deleterious inflammatory
process with release of proinflammatory cytokines, such as activating transcription
factor 4 (results in release of ICAM-1 and VEGF [75, 149]) as well as TNFa, IL-1,
and other cytokines known to exacerbate apoptosis of adjacent neurons [69, 139,
150]. Such cytokines, as mentioned above, have been detected in aqueous humor
samples of diabetic eyes with varying grades of retinopathy [151, 152]. This dual
action, therefore, is certainly a double-edged sword and should be accounted for in
the design of therapeutic approaches addressed to abrogate Miiller glial and activation
with gliosis.

Microglia within the retina are the principal immune effector cells, constantly
surveying their environment in preparation to react to insult or injury. When activated,
for example in diabetes, microglia become ameboid, and migrate within the inner
and outer retina, releasing pro-inflammatory and vasoactive substances, contributing
to the local inflammatory response that results in increased vascular permeability.
The microglia are normally phagocytic, clearing damaged myelin to allow neuronal
repair. However, a chronic pro-inflammatory state, such as that induced with variable
hyperglycemia, alters the response, preventing remyelination. In human diabetic
retinas, activated microglia are often observed associated with the vasculature as
discrete hyper-reflective foci on SD-OCT [153], leading to the term “microglial
perivasculitis”, even in diabetic eyes without clinical signs of DR [154] and which
result in the release of numerous cytokines, including, VEGF, IL-6, IL-1B, TNFa,
and monocyte chemoattractant protein-1 (MCP-1) with several studies indicating the
contribution of these to the microvascular permeability and occlusive complications
as well as progressive neuronal apoptosis [64, 155]. It should be noted, however,
that activated microglia may also demonstrate a neuro-supportive function, similar
to Miiller cells, producing anti-inflammatory and neurotrophic factors, (e.g. IGF-
1, BDNF, and GDNF, among others [152, 156—158]). The detection of microglial
activation ultimately may prove of value in early disease diagnosis, as modulation
of microglial responses appears to provide the ability to alter disease progression.

Treatment of Diabetic Retinopathy

As discussed above, while the Diabetes Control and Complications Trial and the
United Kingdom Prospective Diabetes Study demonstrated that controlling blood
glucose, as measured by HgbAlc and periodic blood glucose levels, reduced the
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progression of developed complications such as DR, [159, 160], post-hoc analysis
of the DCCT data has revealed that only 11% of the risk in retinopathy development
could be attributed to hemoglobin Alc. Later studies showing significant, perhaps
even greater impact of the glucose fluctuations [161], as well as the degree of insulin
usage in type 2 DM with insulin resistance [162]. As discussed above, the systemic
microvascular disease that causes the progressive, profound, microvascular occlu-
sion and inflammatory injury is now recognized to exist in the prediabetic as well
as the overt diabetic, especially among those demonstrating insulin resistance with
hyper and hypoglycemic variability [163]. This accounts for a number of the drugs
that were initially approved for the control of hyperglycemia, that are now recog-
nized to have significant, but variable effects on individual end-organs. However, the
clinical treatments, whether systemic or specifically directed to the retina, have been
limited by the traditional evaluation methods of imaging and/or functional organ
testing and only following stages of significant and often severe organ failure. The
above cited microvascular and neuroparenchymal cellular pathologies represent a
complex array of processes that are targets for earlier diagnosis and treatment. This
chapter will be limited to the discussion of newer methods of retinal laser treatment
upon the progressive neurovascular injury caused by diabetes as well as potential
methods for initiation earlier in the course when microvascular injury and neuronal
apoptosis are reversible. For a more comprehensive discussion of traditional hyper-
glycemia treatments as well as newer systemic treatments currently available or
under clinical evaluation for treating the retina as well as brain neurovascular occlu-
sive and inflammatory injury the reader is referred to these excellent review articles
[87, 164-168].

New methods of imaging of the focal neuronal apoptosis and inflammation within
the retina (via fluorescent staining of Bis(zinc-dipicolylamine), Zn-DPA) are in
progress [169, 170] and appear to enable earlier detection of neuronal injury during
the apoptosis process when reversible. This will then empower initiation of treatments
before the death and severe, diffuse atrophy that is the current threshold. In addi-
tion, improvements in the scanning times of OCTangio devices have improved the
evaluation of flow characteristics, and with improved sectoral microvascular lumen
reconstruction will enable identification of the early focal abnormalities (perhaps
along with analysis of retinal capillary white blood cell flow densities utilizing the
non-invasive blue field, entoptic phenomenon [57, 125]). Whether these preclude or
are associated with the focal neuronal apoptosis is for evaluation in the future as
new methods now allow the functional testing to be overlaid onto the neuronal and
microvascular occlusion lesion imaging. It is imperative, therefore, that diabetics and
prediabetics be screened regularly, utilizing improved imaging as well as functional
testing of resolved targets, not only at fixation [106, 164] but within the central visual
field utilizing resolution targets under conditions of reduced contrast and luminance
with fixation control [87] to define earlier, reversible disturbances.

Once discovered and tracked, however, the difficulty remains as to how to address
the progressive neurovascular injury processes. It is axiomatic in medicine that
the earlier an effective intervention can be applied, the better the outcomes [165].
Certainly it is easier to prevent the severe complications of disease, such as severe
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vision loss from DR, than to attempt to restore normal form and function once it
has been lost. Ethically, early, preventive treatment must be, not only effective, but
extremely safe and maximally free of adverse treatment effects. This is because
treatment may need to be continued for many years, during which time the impact
of adverse effects are increasingly likely to occur. Practically, this is also because
patients with early clinical disease are generally asymptomatic and functionally
normal, although often modified by adaptation. Putting either at risk is unaccept-
able to patients who tend to place more value on their current state of being than
upon a hypothetically better future that might only be attained through inconvenience
and pain [171, 172]. As will be realized, such real considerations disqualify most
therapeutic treatment options from consideration as preventive treatments for DR.

The History of Treatment of Diabetic Retinopathy:
Continuous Wave Laser Retinal Photocoagulation

The apocryphal origins of retinal photocoagulation for the complications of diabetic
retinopathy were the observations that eyes with large chorioretinal scars occurring
in one eye, such as from congenital infections, appeared to be somewhat protected
from DR progression and injury compared with their fellow eyes. Retinal photocoag-
ulation, accomplished by xenon arc or laser, was recognized as an effective method of
producing chorioretinal scarring, and on this basis, was applied to prevent the vision
destructive complications [168, 173]. The mechanism for the laser effect was not
known but presumed to be associated with reduction of the overall tissue ischemia,
hypothesized to possibly also result in increased oxygen tension by thinning the
retina and increasing diffusion of oxygen from the underlying choroid. Based on this
observation, 500um, full thickness burns were placed in the periphery (Fig. 18.1),
as far anterior as possible, preferably to the ora serrata, and within all areas posteri-
orly of absent capillary flow visualized on fluorescein angiography, but sparing the
posterior retina so as to preserve central visual function, and with the burns placed
approximately 0.5 disc diameters apart because of the postoperative eventual spread
of the deep retinal and RPE scars, hopefully retaining some peripheral vision.
Pan-retinal scatter laser photocoagulation was demonstrated to reduce the inci-
dence of severe vision loss due to complications of the epiretinal neovascularization
from 16.3% to 6.4%, but was associated with some further decline in central acuity
often by 2 or more ETDRS lines in nearly 50% of eyes [174]. Because the pan
retinal laser was found to be superior to no treatment, it became widely adopted
and employed for advanced stages of proliferative retinopathy to prevent vitreous
hemorrhage and tractional complications. Secondary complications of the initiation
or aggravation of macular edema that occurred due to inflammation resulting from
thermal tissue destruction [175, 176] or from macular distortion that occurred because
of the fibrosis and contracture of the neovascularization during involution that is
now recognized to also be a result of the inflammation. Furthermore, by the time the
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Fig. 18.1 Color fundus photograph of left fundus 2 weeks after the application of peripheral, pan-
retinal laser photocoagulation with 500 um applications demonstrating nearly contiguous lesions
applied peripheral to the disc and posterior vascular arcades [from: https://www.cairnseye.com/]

neovascularization was noted on examination or resulted in visual symptoms from a
vitreous hemorrhage or traction distortion of the macular retina, the capillary non-
perfusion had proceeded sufficiently posterior such that, with the burns destroying
all layers of retina and underlying choroidal vasculature, the peripheral visual field
was severely constricted, often to within 10-15 degrees of fixation, and with little
alteration of the ongoing progressive macular OCT inner retinal microvascular loss
and neuronal atrophy [177].

When macular edema was recognized as a common cause of vision loss, the
application of focal laser photocoagulation, utilizing smaller, focal applications of
full thickness burns was evaluated and, with the publication of the multiple reports
from the Early Treatment Diabetic Study in 1987 [159], became the standard of
care. Although the retinal edema, as measured by central retinal thickness or retinal
volume, with or without cysts, was improved, improvement in central chart acuity
was minimal. Furthermore, the parafoveal laser burns were associated with severe
destruction of retinal photoreceptors and with progressive enlargement of the laser
retinal scars inward and laterally [178], lead frequently to foveal involvement or
to secondary choroidal neovascularization and subfoveal hemorrhage and fibrosis
[179], However, the macular scarring was largely ignored, because of the use of chart
acuity as the primary functional outcome. As discussed above, with macular disease,
when charts are used to conduct any testing of central vision, the patient moves their
eye searching for the best functioning area regardless of scotomas. When parafoveal
full thickness burns are produced and result in significant paraxial visual field defects
[179, 180], they result in non-trivial, adverse consequences, including, poor reading
speed and ability, loss of night vision, loss of driving privileges, and disruption
of circadian rhythms and normal sleep cycles, to name but a few [181-183]. As
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destructive-sparing alternatives to photocoagulation became available (e.g. intravit-
real injected anti-VEGF, Tie-2 compounds, and steroids), these drawbacks relegated
laser application to lower tiers of treatment (initiated after intravitreal injections) or
avoided all together [19, 184]. The frequency of the required intraocular injections,
however, has restricted patient acceptance of these treatments, limiting the results
and has forced the industry to turn to prolonged delivery ports, which require surgical
implantation and have been associated with significant complications, including
cataract, extrusion, and endophthalmitis [185], reducing the benefit/risk ratio. Such
factors, therefore, preclude the consideration of either retinal photocoagulation or
intravitreally injected drug therapy as early and / or preventive treatment of DR in
its earliest stages of development when the injury is reversible and most amenable
to treatment.

Current Retinal Laser Therapy of Diabetic Retinopathy

Current methods of laser treatment of the retina approach disease and treatment in
a fundamentally different manner. Current laser treatment methods are the result of
the discovery in 2000 that laser-induced retinal damage (LIRD), the single cause
of all SAEs associated with conventional photocoagulation, was unnecessary for
effective treatment [181, 186—189]. Instead, thermal laser photostimulation of the
RPE, at levels sublethal to the retinal pigmented epithelium (RPE) and neurosensory
retina (NSR), resulted in improved and normalized retinal function without adverse
treatment effects [190, 191]. Furthermore, the effects of photothermal stimulation of
the retina appeared to be agnostic to the cause of the underlying retinal dysfunction,
thus allowing the treatment to normalize retinal function for a number of identified
chronic progressive retinopathies (CPRs) [192, 193]. The action of the laser induced
thermal change appeared to be a “non-specific trigger of disease-specific repair”
through a physiologic, healing “reset” of the dysfunctional retina to normalize retinal
function [191, 194].

If one were to attempt to prevent diabetic retinopathy using a targeted approach,
the preceding review of the pathologic changes, which occur in the retina prior to the
development of traditional clinical signs of retinopathy, makes clear that there are a
great many potential treatment targets currently known, and almost certainly addi-
tional that remain unknown. Thus, targeted drug or biologic therapy to prevent DR
in the face of the ongoing multi-dysfunction associated with systemic diabetes must
confront the daunting challenges for any targeted therapy, rendering development
of such a therapy—one that is both effective and without major adverse treatment
effects—highly unlikely [195]. It should be noted as well that most of the potential
targets reflect aspects of cellular dysfunction that then lead to further dysfunction,
often in a vicious cycle. Rather than targeting the secondary effects of cell dysfunc-
tion as is attempted with current retinal biologics, current laser treatment addresses
the cause of these effects, the DM-induced cellular dysfunction itself [194, 196].
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All CPRs, including DR, result in progressive neuronal dysfunction and cell death,
and while each may have different proximal causes, the particular stress placed on
susceptible cells from these different diseases result in a common effect of exces-
sive protein misfolding, aggregation, and resultant cellular dysfunction. A potential
responsive healing process, known as the unfolded protein response (UPR) of the
endoplasmic reticulum (ER) within the cell is responsible for proteostasis and mainte-
nance of normal cell function [197-200]. Cell growth, gene mutations, environmental
stressors (including DM), infection, reactive oxygen species (ROS), and aging all
tax these cellular proteostasis mechanisms wherein the peroxisome proliferator acti-
vated receptor y (PPARY) plays a master gate-keeper roll both in the injury and repair
[201]. If this dysfunction exceeds the capacity of the UPR to un-fold and disaggregate
misfolded proteins, as well as the ERAD (endoplasmic reticulum-associated protein
degradation process) the UPR will then initiate cellular apoptosis, with ultimately,
cell and tissue failure [202].

Acting as “chaperones” that identify, transport, modulate, and aid the UPR func-
tion, “heat shock proteins” (HSP) particularly HSP 70, that are upregulated by
photothermal stimulation and which bind immunoglobulin protein (BiP), are crit-
ical for cell homeostasis and proteostasis [203]. In neurodegenerative diseases,
the gradual failure of the homeostatic capability of the UPR proceeds, eventually
resulting in cell death [199]. Such gradual failure that is characteristic of CPRs
appears to result because of poor stimulation of the protective HSP activation and the
UPR with inadequate generation of HSP BiP [204]. Thus, in such chronic diseases
the reparative system itself progressively fails [205-208]. Acute stressing of the
UPR, modulated by HSP activation, however, improves UPR function with upreg-
ulation of protein repair and improved cell function and survival [200]. Sudden
temperature elevations, as produced by the micropulsed laser treatment, appear the
most effective and efficient activators of the HSP-initiated restoration of normal
proteostasis, resulting in many effects that include improved mitochondrial function,
energy production and utilization [197, 209, 210]. The laser photothermal applica-
tion, furthermore upregulates the UPR to generate HSP’s, which diffuse into the
NSR to normalize cell function and thus inhibit the progressive multicellular apop-
tosis [194, 196, 199] through the protein refolding and processing in dysfunctional
cells, but not in normal cells [211]. Thus, if both dysfunctional and normal RPE cells
are directly exposed to MRT, the only effect will be normalization of the abnormal
cell. This describes the “patho-selective” function of the laser induced effects [194].
Within in vitro, in vivo, and in human studies, micropulsed laser activation of the
RPE results in a wide range of restorative effects that result in improved cell function,
normalization of RPE cytokine expression and, in response, normalization of retinal
Mueller cell function, producing increased markers of reparative acute reactions
with decreased biomarkers of chronic inflammation, also resulting in reduced ROS,
increased retinal NO, and local therapeutic immunomodulation [152, 153, 193, 212—
218]. As discussed in detail within other chapters of this book, the laser applies 40
and100us pulses separated by off intervals (5% duty cycle) designed to preclude any
possible RPE or retinal injury due to the accumulation of tissue heat, well above the
Arrhenius integral for HSP activation but below that for thermal cell death [181, 190,
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191, 219-221]. Furthermore, the use of longer laser wavelengths, such as 810 nm
(near infra-red), improve safety further because of reduced absorption within the
heterogeneously and irregularly pigmented RPE of humans [211, 219]. The clinical
effect of this sublethal treatment to the retina, furthermore, is maximized by en masse
recruitment of abnormal RPE through the confluent treatment of large areas of the
RPE, primarily at present panmacular but with the early involvement worse in the
peripheral retina and with demonstrated involvement in the causation of posterior
progression, the treatments may be expanded to treat the peripheral retina as well.

Thus, by sublethal, photothermal activation of the salvific HSP response, laser
treatment restores normalized cellular function both in the RPE and retina in a mani-
fold of ways, without regard to the underlying clinical cause of the protein misfolding
and dysfunction. It does this safely with repeated efficacy demonstrated in repeat
treatments, fundamental requirements of any potentially useful early or preventive
treatment for a CPR such as DR [182, 219]. In addition, it is axiomatic that for any
treatment to be effective therapy, it should also be preventive, if provided sufficiently
early. The paucity of preventive treatments in medicine is due the adverse effects that
render many of the therapies unsuitable for that purpose. The micropulsed laser treat-
ment, on the other hand, is both highly effective for treatment of DR and safe, without
known adverse treatment effects. Furthermore, not only is there absolute absence of
retinal injury, but in addition, the treatment is painless, increasing patient acceptance,
a critical requirement for any early and /or preventive treatment as discussed above.
Applying principles to the laser treatments discussed to preclude adverse treatment
effects and maximize treatment efficacy; RCTs have shown laser to be comparable
if not clinically superior to intravitreal anti-VEGF therapy, with a lower treatment
burden [222] and longer duration of effect [192,217,223] (Figs. 18.2,18.3, and 18.4).

The question remains regarding whether the treatment should be applied in a
contiguous fashion, not just pan-macular, but pan retinal for cases demonstrating
earlier stages of retinopathy or for the later stages of retinopathy with progressed
peripheral retinal as well as macular capillary non-perfusion and neuronal apop-
tosis but without DME or for the severe signs of peripheral ischemia preceding or
with neovascularization. A small number of studies employing micropulsed laser
have been reported wherein the laser has been applied in a contiguous fashion over
the peripheral retina in addition to the macula [188, 224, 225]. The results have
mirrored the results of treatment for DME, showing efficacy comparable to conven-
tional photocoagulation (but without adverse treatment effects) and with visual results
comparable to drug therapy (but with a longer duration of action). The acceptance of
pan-retinal as well as pan-macular contiguous treatment is supported by the obser-
vations that peripheral DR lesions do increase the risk for progression and macular
complications [226] implying that for all early, intermediate or advanced stages the
treatment of micropulsed laser should be pan-retinal.
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Fig. 18.2 A Preoperative red-free fundus photograph of patient with diffuse clinically significant
diabetic macular edema and foveal cysts. (Note film development artefacts superior to fovea and at
temporal edge of photograph). B Late phase preoperative intravenous fundus fluorescein angiogram
of diffuse, clinically significant diabetic macular edema, with cystoid leakage pattern in fovea. C
Red-free fundus photograph 8 months following 602 confluent grid applications of MRT throughout
the macula extending to the edge of the fovea circumferentially.. Note marked reduction in macular
edema without visible chorioretinal scarring or pigmentary disturbance. D Postoperative intravenous
fundus fluorescein angiogram demonstrating marked reduction in diffuse, cystoid leakage, and
without angiographically visible pigmentary disturbance or chorioretinal scarring [from: Luttrull,
et al., 2005, ref. 187]

Conclusion

In all regards, as discussed above, the treatment of the neuro-vascular degeneration
that occurs and progresses among individuals with diabetes as well as pre-diabetes
to cause severe vision loss, even with the optimum glycemic control, remains unsat-
isfactory. This demands an urgency for defining treatment methods that prevent the
devastating vision loss caused by this systemic disorder and the effects upon the
retina. Certainly, such treatments must be entertained as early as possible in the
course with repeated monitoring guidance and reapplication to achieve these goals.

The primary orientation here-to-fore, however, has been to focus interventions
upon treating the late DR complications of macular edema and neovascularization
with the continued monitoring via retinal imaging including fundus photographs,
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Fig. 18.3 Spectral-domain optical coherence tomograms (SD-OCT) of eyes with fovea-involving
DME and chart BCVA’s better than 20/40 treated with transfoveal MRT applied throughout macula.
Despite mild macular thickening and good pre-treatment VAs, both macular thickening and VAs
were significantly improved following treatment. In each pair, A-D, top of the frames represent
preoperative SD-OCT and bottom of the frames represent postoperative SD-OCT). A Intrafoveal
cysts without retinal thickening. B Intrafoveal thickening with minimal central foveal thickening.
C Isolated central foveal cyst. D Diffuse macular thickening including the fovea [from: Luttrull,
Sinclair, 2014, ref. 182]

IVFA and OCT and functional testing by chart acuity, and Humphrey visual fields
performed under photopic conditions. As detailed above, these fail to detect the
progression of the neurovascular injury until after significant, widespread microvas-
cular occlusion and inflammatory injury cause neuronal apoptosis, death and atrophy.
At these stages, the processes are poorly reversible with diabetes now becoming a
major cause of mild, moderate and severe vision loss worldwide. What is absolutely
required is the adoption of an attitude toward earlier intervention with methods that
stop or preferentially reverse the neurovascular injury processes; however, at such
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Fig. 18.4 Ten-minute post injection intravenous fundus fluorescein angiograms of eye with prolif-
erative diabetic retinopathy before (left) and 3 years after (right) a single treatment session of
panretinal MRT laser, with regression of neovascularization inferiorly, decreased fluorescein leakage
and reversal of background retinopathy severity [from: Chhablani J, et al., 2018, ref. 222]

earlier stages such treatments must be non-invasive and easily tolerated by patients,
with patient appreciated visual function outcomes.

The current evolution of laser therapy, involving sublethal micropulsed,
contiguous applications, offers the ability to improve inflammation and visual func-
tion in eyes with diabetic retinopathy, with indications that the treatment is able to
reverse, not just slow, disease progression and with maintenance of these improve-
ments long-term (with guided retreatment as discussed). Because the laser treatment
is without adverse treatment effects, and painless, it is the first treatment realistically
appropriate for preventive use, at a time when the neurovascular progressive injury
process is reversible and treatment is most effective [182], and with demonstration
that the neurovascular protective effects are prolonged [187, 190, 191, 193,211, 225—
233]. Therefore, early treatment, especially prior to the development of classic DME
or significant DR lesions, has been discussed above as it can effectively preclude
vision loss in most eyes. Thus efficacy, durability, reliable safety and consequent
repeatability of the laser therapy appear currently to make it the only viable, early
and preventive intervention.

The question arises as to when to initiate intervention for this focal, progres-
sive injury process. In principle, given the safety of the laser applications, we have
proposed initiating treatment when testing of macular vision (not just central acuity)
under mesopic or low contrast photopic conditions demonstrate loss, or when new
methods of retinal imaging demonstrate early focal microvascular occlusion (via new
constructs of OCTangio that improve quantitative analysis of focal lesions) or early
neuronal apoptosis (e.g. via fluorescent staining of ZNDpA) [169, 170] or when far
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peripheral retinal imaging in the infra-red wavelengths demonstrate the inflamma-
tory process has progressed, thereby applying treatment when these processes are
still potentially reversible.

The frequency of retreatment is dictated by the nature and severity of the disease
process in the individual, with the more severe and rapidly progressive situations
requiring more frequent retreatment, perhaps as often as every 3—4 months [182].
As a rule, however, the earlier the intervention is begun, the greater the long-term
benefit. Compounding exponentially, the long-term benefits of even a slight slowing
of a rapidly progressive disease may result in significantly prolonged retention
of excellent visual function. Certainly, however, we must evaluate modalities for
treatment of the more severe stages, at least to avoid the prevention of the severe
blinding outcomes that currently manifest among so many individuals [233-238].
As discussed above, this most likely will require careful, multiphasic monitoring and
multi-modal therapies, extending beyond those most often currently used [238].

Finally, the treatments must be associated in all cases with rehabilitation methods
that understand the integrated visual field and the visual problems associated with real
world task failure from focal defects in order to develop the assistive work-arounds
together with adequate instruction and training to achieve patient engagement and
task management.
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Chapter 19 ®)
The Future for Retinal Laser Treatment. Geda

Is There One?

Jeffrey K. Luttrull

Prediction: Retina laser treatment should become the most important and widely
used treatment in ophthalmology for the treatment and prevention of virtually all
causes of irreversible visual loss.

That is, it should become. But will it? The ancient world had the Oracle of Delphi
[1]. The closest thing we have had to predict the future in the modern world is
The Spectator magazine. The Spectator is a weekly British magazine that has been
published continuously since 1828 [2]. Over the years, The Spectator has offered
a regular vignette posting predictions 10, 25, 50 years into the future, from prior
editions of the magazine. The long publishing history of the Spectator has allowed
readers to read and assess those past predictions for accuracy. As it happens, The
Spectator’s predictions about the future are virtually never accurate.

This is not because the prognosticators of The Spectator are stupid or foolish.
Anything but. The problem with predicting the future is two-fold: First, our only
frame of reference is the past. This causes us to imagine the future only in terms
of what we know now, or can imagine, based on our experience and current under-
standing. Thus, the future we tend to imagine is a better now. We expect current
trends to continue, debts to be paid, and justice to finally be done. But, in general, our
expectations are based on experience, not prescience. The Spectator is no different.

The second reason the future cannot be predicted is that disruptive events occur
that are unanticipated by our experience, current thinking, or current technology. It is
these unanticipated disruptive changes that will change the future far more profoundly
than the incrementalism that dominates our thinking and limits imaginations [3, 4].
We can’t predict the future because the things that will define it do not exist and have
likely not even occurred to anyone yet. This is easily confirmed by looking at the
things that define our lives today. Who saw google or Tesla coming in 2000? Who
even knew how important they would become when they appeared? Few, if any.
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My bold prediction for the idea future of medicine also comes from experience,
albeit a virtual one. I think Star Trek had it right with Bones’ “Tricorder”. The
Tricorder was small hand-held device that he simply waved at a sick or injured
person. The device both diagnosed and treated them, just like that. Why Bones had
to be a doctor to do this was never clear to me (concerning note to the AMA). But
that’s where we’re headed. Maybe an implanted chip instead of a thing we need to
hold in our hand...? It’s coming, for sure.

Absent prescience, focus on near-term incrementalism is a safer bet. As we are
primarily concerned with the future of retinal laser treatment, it is safe to bet that
retinal laser will become more effective, safer, faster, easier, more pleasant, and more
useful. The bigger question is whether anyone will care? Will laser be replaced by
something we cannot currently envisage? Almost certainly. Nothing lasts forever.
But, when, how, and by what, is unclear. Because the best we can do is project incre-
mentally, in the following we will examine the general attributes of currently available
laser modes to better understand what they do, and what room for improvement there
might be in the future.

Candidate directions for the future of retinal laser therapy: how do they compare?
We ask reason to point the way.

Mechanism of Retinal Laser

As discussed in more detail in “Neuroprotection”, all therapeutic retinal laser effects
are mediated by RPE cells that are affected by the laser but not killed. Thus, the
response to laser damaging to the retina is characterized by the same biologic effects
arising from laser treatment sublethal to the retina, with additional effects resulting
from tissue destruction, death, debridement, remodeling, and repair [5—7]. The effects
arising only from laser-induced tissue damage are nontherapeutic and clinically
detrimental, as they include principally inflammation, loss of function, and local
fibrosis. Thus, the therapeutic effects of laser modes of inherently destructive laser
modes such as conventional photocoagulation (CPC) (including the PASCAL), SRT,
and 2RT are indirect, with all direct effects being adverse. In contrast, the thera-
peutic effects of MPL sublethal to the RPE are direct, arising from the area directly
exposed to the laser beam, and thus entirely therapeutic and without adverse treat-
ment effects [7-10]. The implications of this difference are difficult to overstate. The
results of the Early Treatment of Diabetic Retinopathy Study (EDTRS) presaged this
understanding, finding that increased treatment intensity increased adverse treatment
effects, while increased density increased therapeutic effectiveness [11]. A funda-
mental difference between ETDRS CPC and laser treatment entirely sublethal to
the retina, such as SDM MPL, is that increasing density of CPC to improve clinical
effectiveness also reduces visual function. The less retina, the less disease. However,
like amputation instead of antibiotics, this approach is at odds with clinical goals of
sight preservation and vision improvement. For laser sublethal to the RPE, increasing
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treatment density and area increases the therapeutic effect by maximizing the restora-
tive effects of treatment and improving, rather eliminating retinal and visual function
[10]. These principles are reflected in some basic clinical observations: that there are
no outcome differences associated with laser wavelength, as retinal destruction by
any means is retinal destruction; that the detrimental effects of less damaging laser
treatment modalities are differences of degree, and not kind; and that the visual bene-
fits of destructive laser modes are reduced according to the degree of LIRD produced
by that particular mode of treatment [7—13].

The fundamental differences in the effects of current laser modes, CPC, SRT,
2RT and MPL are, as suggested above, evident in their effects on retinal and visual
function. These then determine how, when, where, for what, and how often each can
be used therapeutically, and how well they achieve clinical goals. These inherent
properties also determine the potential for each laser mode going into the future.

Arguably the most important advance needing to be made in ophthalmology is
prevention of the major causes of irreversible visual loss. These are, in order of
significance, AMD, DR, open angle glaucoma (OAG), and inherited retinal degen-
erations (IRDs). Some might argue that acquired myopia belongs in that list [14]. It
is axiomatic that to slow, stop, or reverse disease progression and reduce the risks of
visual loss, any effective treatment must first improve retinal function [15, 16]. Then,
such a treatment would either have to be a permanent cure, or if temporarily effective,
be renewable without limit to allow the benefits of treatment to be maintained.

There are many studies on the biologic responses to retinal laser treatment that
are covered in the chapter on “Neuroprotection” and are relevant to this discussion.
However, in this section we will focus on the key end-effects of laser treatment—
retinal and visual function—rather than how and why we got there. For the purposes
of examining the end-results of retinal laser on retinal function, electrophysiology
is a widely available and highly sensitive measure of the retinal physiology that has
been used to study the response to various current laser modes. This information
should be helpful in suggesting which laser modes may be best suited best to the
future job of preventing vison loss.

By definition, CPC reduces overall retinal function by destroying the retinal
directly where, and near, it is applied. How much the result of testing such as elec-
troretinography (ERG) is affected by the inherently destructive retina laser modes,
including CPC, depends primarily on treatment density and retinal area covered.
Thus, heavy panretinal photocoagulation (PRP) markedly reduces retinal function
by full field electroretinography (ERG), while only a few focal spots of CPC in
anywhere in the retina may have little effect on the ERG, despite complete loss of
retinal function at the application spots. While there is some recovery after reso-
lution of the acute inflammation and healing that follows CPC, the loss of visual
function is permanent and may progress over time due to progressive retinal atrophy
resulting from enlargement of the CPC scars [17, 18]. Regarding short-pulse CW laser
(PASCAL), a study 104 eyes of 52 patients to undergo panretinal laser for PDR was
reported, randomizing patients between conventional panretinal photocoagulation
(PRP) and PASCAL peripheral retinal laser. After treatment there was no significant
difference in VA between the groups. Full field electroretinography (ERG) and flicker
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ERG were significantly reduced both groups, with a significantly greater reduction in
the PRP group compared to the PASCAL group [19]. In another study, retinal func-
tion was assessed in eyes randomized between ranibizumab alone, and PASCAL
or conventional CPC peripheral retinal treatment with or without ranibizumab, for
proliferative diabetic retinopathy (PDR). At 48 months full-field ERG responses
were diminished in all eyes, even in drug-only eyes. However, this reduction in the
drug alone eyes was mild compared to the laser-treated eyes. In this study, there
was no difference in reduced retinal function by ERG between the eyes treated with
CPC and the PASCAL [20]. The PASCAL is designed to photocoagulate the outer
retina and photoreceptors, reducing damage to the RPE and overlying neurosensory
retina [10]. Thus, it is not surprising that panretinal PASCAL treatment reduces the
ERG response, but may preserve retinal function better than CPC [21]. However, the
Manchester study showed that PASCAL treatment of sufficient density can reduce
retinal function as effectively as conventional suprathreshold photocoagulation [20].
A search of the literature failed to produce studies examining changes in retinal
function by electrophysiology in humans following SRT and 2RT.

Regarding MPL, Venkatesh et all reported 46 eyes of 33 patients randomized
between 532 nm focal laser and 810 nm “SDM” for DME. These were evaluated with
multifocal ERG before and after treatment. With an average follow up of 6 months
18/23 532 nm and 4/23 SDM eyes showed ERG worsening after treatment. Contrast
sensitivity, VA and DME reduction were the same between the groups [22]. Jhingan
and associates compared CPC PRP and MPL PRP for severe NPDR and low-risk
PDR in 20 eyes of 10 patients. At 9 months post treatment, the conventional PRP
eyes had worse visual fields, contrast sensitivity, and ERG compared to the MPL
eyes, but the difference was not significant [23].

In 2016, 158 eyes of 108 patients with AMD, and 10 eyes of 8 patients with
IRDs (rod-cone degeneration (four eyes), cone-rod degeneration (three eyes), and
Stargardt’s disease (three eyes)) were evaluated before, and 1 month after. panmacular
SDM MPL by pattern electroretinography (PERG). Overall VAs were stable, while
the PERG responses were improved in both AMD (p = 0.0001) and the IRD groups
(p = 0.002). In the AMD eyes, additional testing of contrast acuity (p = 0.006) and
microperimetry (p = 0.046) were also improved [15].

In a subsequent study, 26 eyes of 15 pts with retinitis pigmentosa were reported,
aged 16-69 (avg. 47) years. Each underwent panmacular SDM MPL. Before, and
approximately one month after treatment, each eye was tested by PERG and mesopic
visual function testing. All PERG indices improved after treatment, with significant
improvements in two signal latency measures (the MagD (uwV)/Mag (uV) ratio (P <
0.0001), and the MagD (V) amplitude (P = 0.0003). All mesopic visual function
indices were also significantly improved, (p = 0.02 to p = 0.002), as was average
logMAR VA (improving from avg. 0.6 to 0.4) (p = 0.02) [16].

That same year, 2018, 88 eyes of 48 consecutive patients with open angle glau-
coma (OAG) were reported [24]. All had glaucomatous optic neuropathy and visual
field loss prior to panmacular SDM MPL treatment. Pretreatment, IOPs ranged 6—
23 mmHg (average: 13) on 0-3 (average: 1.6) medications. 33 eyes had had prior
glaucoma surgery. Snellen visual acuities (VA) ranged 20/15 to count fingers (median
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20/60). All were tested by PERG, visually evoked response (VER) and mesopic visual
function testing (MVFT) before and approximately one month following SDM MPL
treatment. Prior to treatment, both VEPs and MVFTs of all eyes were abnormal.
Following SDM, Snellen VA was improved (p = 0.005). IOPs were unchanged. VER
P1 amplitudes (p = 0.001), PERG amplitudes (p = 0.05), mesopic VA (p < 0.0001)
and mesopic automated perimetry (p < 0.0001) were all significantly improved [24].

Not surprising, visual function tends to parallel retinal function, and thus the
effects of the various laser modes on retinal function. CPC for macular disease
rarely improves VA, except indirectly, such as treatment relatively distant from the
fovea to reduce subretinal fluid from CSR or CNV [25-27]. In most applications for
MPC, however, the hope is a reduced rate and risk of visual loss, rather than visual
improvement.

The visual results of the PASCAL, SRT and 2RT tend to reflect stabilization of
visual acuity in most applications. This includes trial for treatment of idiopathic
macular telangiectasis, central serous chorioretinopathy (CSR), DME, and PDR for
the PASCAL; DME, AMD and CSR for SRT; and DME and AMD for 2RT. For all
short-pulse laser modes, treatment of CSR was generally effective, with improved
VA. Visual results in DME tended to be stable or slightly improved, but not wors-
ened. Treatment of eyes with intermediate AMD with 2RT reduced drusen, but to no
significant effect. However, treatment of advanced dry AMD, characterized by retic-
ular pseudodrusen and/or geographic atrophy, was significantly worsened by both
SRT and 2RT (nanosecond laser). [28—42]. In all applications of SRT and 2RT, inher-
ently destructive to the RPE and often adjacent structures as well, showed clinically
visible laser lesions following treatment. In one study of 577 nm PASCAL for CSR,
a titration algorithm (“endpoint management’) was used to try to avoid RPE damage.
According to the authors, this technique was successful in avoiding detectable laser
lesions by FFA, OCT, and fundus autofluorescence photography (FAF). In these eyes,
VA was significantly improved [29].

As noted previously, the effects of MPL can span the entire range from
suprathreshold CPC (inherently destructive to the retina) to SDM (which is reliably
sublethal to the RPE) in all eyes, depending upon the laser parameters employed
[7-10, 43]. For the purposes of this discussion, we will focus on SDM as the most
different treatment modality when compared to CPC and short-pulse lasers that are
inherently damaging to the retina. We continue to place the PASCAL in this group,
even though treatment without retinal damage has been reported in one paper of 12
eyes. This is because, despite a titration algorithm, the narrow therapeutic range of
CW lasers, of just 0.010 W in breadth in the case of the PASCAL, is simply too
small a target to consistently “hit” reliably in a large number of eyes and laser spots,
due to the marked susceptibility of such a narrow safety window to eye-specific
factors, such as media opacity, fundus pigmentation, and regional differences in
retina fundus pigmentation and retinal thickness [7-10, 29-32, 43, 31]. There is a
substantive difference between treatment than can be retina-sparing, and treatment
that is consistently and reliably retina-sparing [10, 30, 32, 43, 31].

In general, the visual results of SDM MPL reflect visual improvement in most
applications. These include DME, PDR, dry and wet AMD, CSR, IRDs including
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retinitis pigmentosa, OAG, BRVO, and post-membrane peeling maculopathy [24,
27, 30, 44-63]. In particular, where head-to-head comparison of visual results of
CPC and SDM MPL are reported (all for DME), the visual results of MPL are
always superior to CPC [27, 46, 61-64]. A single trial comparing short-pulse CW
laser (PASCAL) to MPL, found MPL visual results better [34]. It is interesting to
note that, in DME, VA often improves out of proportion to the decrease in macular
thickening, a marked contrast to CPC [61-64]. In some studies of DME employing
the SDM high-density treatment strategy, the visual results of MPL rival intravitreal
drug therapy [27, 65].

While retinal and visual function are objective measures, “safety” has been an
historically fluid concept. The definition of safe laser treatment has reflected our
understanding of treatment, and the available modes of treatment. In the CPC era,
the many and significant adverse treatment effects of CPC, sufficiently well known
that no list is required here, were considered acceptable because, compared to no
treatment for such things and DME, PDR, and extrafoveal CNV, CPC was signifi-
cantly better than no treatment at all. Since LIRD was presumed to be necessary for
a therapeutic effect, efforts to improve safety centered primarily around reducing the
severity of the inherent adverse effects, by reducing the intensity of suprathreshold
CPC, and breaking treatment, such as CPC PRP, into partial treatments spread over
time to reduce treatment-associated inflammation and pain [66]. As CPC inten-
sity gradually declined, “subthreshold” therapy increased in popularity [7, 10]. New
approaches to limiting LIRD to reduce the severity of the inherent adverse effects
of LIRD, such as the PASCAL, SRT, and 2RT were developed. However, because
LIRD was still the goal of treatment as it was universally believed to be necessary for
therapeutically effectiveness, the inherent risks and adverse effects of retinal laser
persisted [10]. However, a new definition of laser safety gradually emerged, placing
into disfavor the dense white suprathreshold full-thickness burns of the ETDRS and
MPSG [11-13, 66, 67].

It has been clear for nearly 2 decades that LIRD is in fact unnecessary, and even
detrimental, to achieving optimal therapeutic effectiveness [51-53]. Responsible for
all adverse effects of retinal laser treatment and unnecessary, the new standard for
treatment safety is complete avoidance of LIRD with treatment that is sublethal to
the RPE, and reliably so. Taken to its logical conclusion, this means that safe retinal
laser treatment is now defined as treatment that is reliably safe in the fovea, and
without any adverse treatment effects [30].

If we sum up the properties of current retinal laser modalities in an attempt to
predict an incremental future and thus technical progress, we find:

e The most important future application of retinal laser is prevention of visual loss
from the major chronic progressive retinopathies.

e To do this, treatment must improve retinal function. Available evidence indicates
MPL is the best candidate in this regard.

e Preventive treatment works best given early. This means prior to symptomatic
vision loss and often clinical findings of disease. To treat and retreat asymptomatic
patients at low current risk of vision loss, treatment must be extraordinarily safe.
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This means reliably safe (sublethal to the RPE) in the fovea, whether treated inten-
tionally or inadvertently. Current evidence suggests MPL is the best candidate in
this regard.

e Preventive treatment must therefore preserve or improve vision function and visual
acuity, and not for any reason worsen visual acuity. Only MPL has demonstrated
this ability in all tested applications, including those without macular edema or
fluid.

¢ To maintain treatment effects over a lifetime of disease, treatment must be repeat-
able and renewable over a lifetime. Retinal damaging treatment modalities are not
suited to such treatment as they quickly become visually threatening due to the
accumulation of LIRD. MPL, employing the SDM paradigm reliably sublethal to
the RPE, has been demonstrated to be infinitely repeatable with renewable thera-
peutic effects. Thus, current evidence suggests MPL is the best candidate in this
regard.

e To maximize treatment safety, preventive laser parameters and treatment should
be uniform in all eyes, with minimal reliance on surgeon judgement. Because
reliably safe retinal laser treatment is possible, the only remaining risk of treatment
is surgeon misjudgment or error. Therefore, treatment should not be influenced by
patient- or eye-specific factors that would require adjustment of laser parameters
on a per eye basis. Current evidence indicates that MPL is the only treatment
modality with a demonstrated facility in this regard.

e The fact that LIRD is unnecessary and responsible for all adverse effects arising
from retinal laser treatment redefines it, from a prerequisite of treatment to serious
adverse treatment effect (SAE), or the most serious complication of laser treat-
ment. Possible, or even frequent, avoidance of LIRD is unacceptable when reliably
consistent LIRD avoidance is available. It is this level of safety that makes all else
noted above possible. Thus, basic medical ethics require use of only treatments
that are reliably sublethal to the retina. Current evidence indicates MPL as the
best candidate in this regard.

The above conclusions suggest that MPL is the best candidate for the future of
retinal laser treatment. It also raises two critical objections to continued use of retina-
damaging laser modalities, all conceived and developed at a time when such damage
was universally believed to be necessary for effective treatment; a practical objection,
and an ethical objection.

From a practical point of view, retinal laser treatment has been shown to improve
retinal and visual function in a wide variety of disparate chronic progressive
retinopathies, united in their fundamental commonality of representing neurode-
generations. Some of these include IRDs and OAG. Little imagination is needed to
see that superimposition of LIRD in these settings can only be detrimental to retinal
and visual function. Further, any degree of LIRD markedly limits both application,
such as to the fovea, and maintenance treatment over the lifetime of the patient if
necessary. A further advantage of treatment sublethal to the RPE is that laser can be
applied to the entire retina to address a panretinopathy, such as diabetic retinopathy
or retinitis pigmentosa, to maximize therapeutic effects, in much the same way that
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intravitreal drug therapy treats the entire retina. Such “total retinal treatment” is
forbidden to retinal damaging laser modes, due to the inevitable loss of retinal and
visual function that would ensue.

The ethical objection to retina-damaging laser modes is likewise compelling.
Past and even current acceptance of the adverse treatment effects inherent to retina-
damaging treatment modes (even those described as “non-damaging” despite being
photodisruptive to the RPE and outer retina) is a holdover from the CPC era when
LIRD was thought to be necessary, and when there were no other, particularly no
retina-sparing, treatment options available. Thus, the numerous and often severe
adverse effects of CPC were considered acceptable when the benefits of treatment
were compared to no treatment at all. Such decades long universally-held attitudes
die slowly and persist even to this day, in spite of the advent of effective retina-sparing
treatment alternatives.

Without invoking Hippocrates, a brief consideration of retina damaging vs. retina
sparing treatment can be instructive. It is axiomatic in medicine that riskier, more
invasive treatments should be considered over safer, less invasive treatments only
if the added risks and complexity offer enough added benefit to justify the added
risks and adverse effects [68]. Therefore, it is appropriate to ask if retina-damaging
treatments are superior to sublethal treatments, and if so, are they sufficiently superior
to justify the risks and inherent adverse treatment effects?

As described above, rather than superior, and certainly sufficiently superior to
justify the risks and inherent adverse effects of treatment, the therapeutic effects
of retinal-damaging laser treatments are instead consistently inferior to retina-
sparing treatments by virtually all measures, the inferiority of damaging treatments
is generally proportional to the severity of treatment associated LIRD. However, the
differences are of degree, not kind.

Also axiomatic in medicine is that intervention should begin with the safest,
simplest, least expensive, and least invasive treatment likely to be effective [69].
Thus, the inherent adverse effects of CPC have relegated it to rescue therapy behind
drug therapy for most indications [70]. SDM MPL, absent any known adverse effects
and thus without the adverse effects and risks of intravitreal drug therapy, however,
is favorably positioned both practically and ethically as the first-choice treatment for
many conditions also amenable to drug therapy [71].

Thus, from both a practical and ethical point of view, retinal laser treatment has
a potentially important role to play in the goal of prevention of vision loss from the
most important causes of irreversible vision loss, but only if it is reliably sublethal
and absolutely non-damaging to the RPE and neurosensory retina.

This is “Modern Retinal Laser Therapy” (MRT) [32, 72, 73]. In short, MRT
eschews LIRD in favor of low-intensity treatment reliably sublethal to the RPE.
MRT eschews focal, local, and low-density grid treatment required by CPC and
other damaging modes of treatment in favor of high-density treatment of large areas
of dysfunctional retina, not with the desire to eliminate it, but with the intent to
improve and normalize its function and maximize the clinical effects of treatment
by maximal recruitment of dysfunctional retina to the therapeutic cause. Current
data, although limited, suggests that MRT has the greatest potential of any currently
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known treatment modality, laser, drug, or other, to prevent vision loss in the future
by virtue of its safety, durability, effectiveness, low cost, and breadth of indications
[74-76].

To do this, more studies are required. This represents the single greatest obstacle to
realizing the potential of MRT, because such studies are expensive and thus require
sponsorship and support of parties expecting to benefit financially from the study
outcomes. Currently, for this reason, the pharmaceutical industry dominates clinical
data generation. Despite its potential benefits to society and healthcare, retinal laser
treatment lacks such influential benefactors. This will need to change [77-79].

All current retinal laser platforms are designed to do treatment damaging to the
retina, whether it be conventional CPC or more selective destruction of the outer
retina (PASCAL), or RPE (SRT and 2RT). This is because they were all conceived of
decades ago when the presumption of necessary LIRD was accepted universally. With
time and progress in our understanding of the mechanism of action of retinal laser,
some of these systems have been repurposed to perform less or non-damaging treat-
ment by adding MPL capability. However, the design and use of all current systems
remains dictated by their original intent and maintained capability of performing
treatment intentionally destructive to the retina.

An additional incremental change in design was the introduction of application
of pre-programmed patterned laser applications by the PASCAL. This facility has
now been adopted by all currently retinal laser manufactures. A further incremental
improvement in a number of retinal laser platforms is the added option of increasing
the density of grid treatments by moving the spots closer together to reduce untreated
retina and increase treatment density. Again, this is achieved by repurposing the
underlying CPC laser delivery platform. The purported advantage of using such
pattern applications is to improve treatment speed. However, as discussed elsewhere,
once one considers the programming and treatment design time, the time savings
seems to be minimal, if not taking longer to perform, than simple treatment aided by
the standard laser repeat mode [80].

It has been well established that LIRD is contraindicated as neither directly nor
independently contributing therapeutic effectiveness. Further, we now have MPL
laser parameters that have proven to be safe in effective I all eyes, without regard
for eye-specific variations in media opacity, retinal thickness, or pigmentation. Thus,
titration of laser parameters, necessary for damaging laser modes such as CPC and
SRT, is not only unnecessary, but increases the risk of LIRD and jeopardizes treat-
ment safety if it leads to departure from known safe parameters [9, 10, 30-32]. Thus,
the only risk of MRT is surgeon error, either by accidental or intentional use of
parameters destructive to the retina. Because all current laser platforms are funda-
mentally designed to do damaging treatment, generally CPC, this risk remains an
inherent property of all. (Figs. 19.1 and 19.2).

Thus, retinal laser technology has not caught up with our current understanding
and approach to retinal laser treatment, best exemplified by SDM MLT MRT. Because
MRT applies treatment safely, geographically, and in high density, there is no need
for precise targeting. The capacity to perform retina-damaging treatment can now
be eliminated from laser platforms—at least those dedicated to treating macular
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Fig. 19.1 Fundus photograph and OCT of an eye three days following 577 nm MPL (5% duty
cycle) for a branch retinal vein occlusion. A titration algorithm was employed in an attempt to
adjust treatment to be subthreshold and sublethal to the RPE. After treatment the patient reported
visual loss and multiple central scotomata. Note multiple threshold and suprathreshold retinal burns
in alow-density grid pattern. From: Chang DB, Luttrull JK. Comparison of subthreshold 577 nm and
810 nm micropulse laser effects on heat-shock protein activation kinetics: Implications for treatment
efficacy and safety. Transl Vis Sci Tecnol. 2020 Apr 28;9(5):23. doi: 10.1167/tvst.9.5.23. eCollection
2020 Apr.

disease and chronic progressive retinopathies (CPC will still be required for retinal
cautery/retinopexy of retinal breaks)—also eliminating associated risks of treatment.
Finally, substantial work has been done to understand how to optimize laser param-
eters for both safety and efficacy (Chang DB, Luttrull JK, unpublished data). All of
these considerations suggest ample room for improvement in the safety and efficacy
of retinal laser treatment, if MRT concepts are applied, via automation. Stay tuned
for further developments.
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Fig. 19.2 A Intravenous fundus fluorescein angiogram of 56 year-old Asian woman with prolifer-
ative diabetic retinopathy and center-involving macular edema. B Infrared autofluorescence fundus
photography (FAF) on prior to treatment. C FAF one week following 810 nm panmacular SDM MPL
for center-involving DME. The patient reported that 3 days following treatment her vision worsened
and a central scotoma appeared. Note the macular laser burns. Visual acuity before treatment 20/50;
one week post treatment 20/400. D FAF two weeks later, three weeks following treatment. Note
shrinkage of laser lesion. VA 20/200. The cause of the macular laser damage appeared to most likely
be due to inadvertent use of a 15% duty cycle rather than the intended 5% duty cycle
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