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Abstract

Purpose of Review—In this article, the current use and limitations of existing retinal
tamponades are discussed. Potential novel developments that address those limitations are
subsequently highlighted, along with areas of future improvements.

Recent Findings—While retinal tamponades have existed for decades and improved the
treatment of retinal detachments, many problems still exist with their use, including inadequate
tamponade of the inferior retina, toxicity from retained heavy liquids, glaucoma, and keratopathy,
among others. New advancements in the components of heavy liquids and vitreous substitutes aim
to mitigate those issues.

Summary—Existing retinal tamponades, including perflurocarbon heavy liquids, fluorinated
gases, and silicone oil, have specific limitations that cause potentially avoidable morbidity. New
developments, such as heavy silicone oil, novel vitreous gels, and future avenues of approach, such
as potentially reabsorbing heavy liquids may help increase our ability to treat retinal detachments
with fewer complications.
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Introduction

Retinal detachments are a leading cause of emergent permanent blindness worldwide, with a
geographically varying incidence ranging from 6 to 18 individuals per 100,000 in the
population.! Given the relatively rapid onset of this disease, its repair has been a source of
investigation for over a century.2:3 With improvements in surgical techniques and
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instrumentation, the primary reattachment rate has increased from less than 1 percent
without intervention to approximately 90 percent in the present day.4>¢ However,
significant morbidity often remains, particularly with inferior retinal detachments, which are
prone to re-detachments and carry a relatively increased risk of eventual blindness.” The
current surgical paradigm of reattachment involves the use of intraoperative heavy liquid
tamponades, and post-operative gases or oils, the latter of which function in effect as longer
term vitreous substitutes.8:° While effective, each one of these agents carries its own list of
drawbacks, which ultimately leads to many of the subsequent complications seen during and
after retinal detachment repair. The purpose of this paper is to explain the current use of
these tools, identify their disadvantages, and explore potential solutions to those issues,
many of which are currently being developed.

Existing Commonly Used Tamponades

In the context of retinal detachment repair, the ultimate purpose of a retinal tamponade is to
provide surface tension over an existing break, thus rendering it unable to convey fluid into
the subretinal space and permitting the retina to reapproximate its native position.19 This
tamponade must be maintained until a more permanent treatment, usually laser
photocoagulation around the edges of the existing break, can take hold and provide a longer-
lasting seal around this area, after which the tamponade can be removed. Considering that
the adhesion strength of laser photocoagulation starts occurring in earnest at around 18 hours
after application and continues to increase until its maximum adherence at around 5 days,
any theoretical post-operative tamponade should at least remain in place for that range of
time.11.12 Hence, after clearance of the native vitreous via vitrectomy, an oft-used method
for reattaching retinal detachments is first to place an intraoperative heavy liquid tamponade
that can stabilize the posterior retina, then to drain subretinal fluid, then to place laser
photocoagulation around existing breaks, then to remove the existing heavy liquid, and
finally to place a longer term tamponade into the eye which can passively disappear via
diffusion into the bloodstream (gases) or actively must be removed via a second surgery
(oils). Thus, when conceptualizing tamponades, it is helpful view them as those that are used
predominantly while within the operating room, and those that chosen for their effect
predominantly while outside of the operating room.

Intraoperative Use

By far, the most commonly used intraoperative tamponade in the US is n-perfluoro-octane.
Since its class of chemicals were introduced into the retina space over 3 decades ago, it has
become a necessary surgical tool, particularly for addressing complex retinal detachments.13
Chemically, n-perfluoro-octane is an analogue of the highly flammable straight chain alkane
octane, but critically, with all hydrogen atoms replaced with those of fluorine, thus making
the molecule incredibly stable at biological conditions and without a flash point. It is
immiscible in water (permitting surface tension across retinal breaks if necessary even under
fluidic conditions), has a density higher than that of water (permitting posterior localization
under fluidic conditions in which the retina is detached), and is both optically clear and with
a refractive index near that of water (thus allowing for unencumbered visualization during
surgery). Due to its increased density relative to water, n-perfluoro-octane is euphemistically
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referred to as part of a class of fluorinated “heavy liquids”, which include other agents such
as perfluorodecalin, among others. These qualities make it ideal for stabilizing the posterior
pole in situations where it would be virtually impossible to achieve surgical success,14:15.16
However, because the chemical is so stable, it has no mechanism of passive evacuation
outside the vitreous cavity and thus must be actively removed at some point prior to the end
of the case.

Post-operative/Clinic Use

In the US, the most frequently used tamponades designed to remain within the eye post-
operatively are gases and oils, mainly due to their high surface tension and relative
immiscibility, particularly against water. However, due to their low densities, both are
buoyant in water and, when placed, float in the vitreous cavity.®

The most commonly used gases are perfluoropropane (CsFg) and sulfur hexafluoride (SFg),
with some physicians using n-perfluoroethane (C,Fg)8. Notably, like n-perfluoro-octane,
both perfluoropropane and n-perfluoroethane are analogues of their highly combustible
linear alkane namesakes (propane and ethane), but with critical stability once again lent by
the substitution of fluorine atoms for those of hydrogen. Similarly, sulfur hexafluoride is
fully fluorinated. The differences between each gas are its native expansile quality (due to
endogenous air-derived blood gases, particularly nitrogen, initially diffusing into a pure form
of the gas) and its latency within the vitreous cavity after placement. Specifically, pure sulfur
hexafluoride will expand approximately 2 times its initial volume over 1 to 2 days, pure n-
perfluoroethane will expand approximately 3 times its initial volume over 1 to 2 days, and
pure perfluoropropane will expand approximately 4 times over 3 to 4 days.18 It is instructive
to note that, as expected, a pure air bubble is non-expansile as the partial pressures of its
components are equal to those found in blood and thus, no diffusion gradient exists for the
initial inflow of blood gases. Due to these large increases in volumes, pure gases are
typically used in extremely low volumes, usually via non-operating room clinic-based
procedures such as pneumatic retinopexy (Figure 1). However, after surgical vitrectomy,
ideally the entire vitreous cavity requires filling; thus, a diluted form of each gas with air is
often used to abate any volumetric expansion. Due to this dilution, each gas becomes
isoexpansile and over time is spontaneously reabsorbed, albeit at different rates, via passive
diffusion through the blood stream due to constant ocular blood flow and respiration. The
intraocular latency of isoexpansile sulfur hexafluoride (20%) is around 2 weeks, that of
isoexpansile n-perfluoroethane (16%) is 4-5 weeks, and that of isoexpansile
perfluoropropane (14%) is around 8 weeks. Thus, for a patient that requires a temporary
post-operative tamponade that has the capacity to reabsorb without any additional surgery,
particularly one in which a superior retinal detachment was the primary source of pathology,
fluorinated gases are the current ideal choice.

On the other hand, silicone oils are typically chosen when an even longer term tamponade is
required. More generally, the term “silicone oil” refers to a set of hydrophobic repeating
monomeric or polymeric molecules joined via silicone-oxygen bonds and collectively are
part of a group termed “organosiloxanes.” Depending on the chain size, these molecules
retain most of their hydrophobic properties but can vary by viscosity.18 Due to their
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hydrophobicity and generally elevated viscosities relative to water, these compounds are
colloquially termed “oils”. By far, the most commonly used silicone oil is poly-dimethyl-
siloxane (PDMS), specifically the forms with viscosities of 1000 and 5000 centistokes.19:20
This variance of viscosities allows for the surgeon to choose efficiency during placement and
removal (typically easier with lower viscosity forms) versus reducing the risk of shear forces
causing subsequent oil emulsification (typically lower with higher viscosity forms?1). At
present, silicone oils are the most tolerated long term retinal tamponade, and thus are widely
used for a number of complex pathologies requiring such tamponade, including giant retinal
tears, inferior retinal detachments, and retinal detachments due to proliferative
vitreoretinopathy.22:23 However, like existing heavy liquids (though unlike gases), silicone
oils are incapable of spontaneous resorption and thus, must be surgically removed at some
later date.24

Problems with Current Agents

While it is universally acknowledged that the introduction of fluorinated heavy liquids,
fluorinated gases, and silicone oils have substantially advanced our ability to treat retinal
detachments, a number of important drawbacks still exist with each type of tamponade,
rendering them less than ideal in very clinically meaningful ways.

Inferior Retinal Detachments

By far, the most important problem that exists with current technologies is the inability to
adequately treat detachments due to inferior breaks, which some studies indicate account for
over 40 percent of all detachments.2 In an analysis of pneumatic retinopexy, in which a
pure form of fluorinated gas is placed in the clinic to allow for immediate tamponade, the
most decisive prognostic factor of retinal re-detachment was inferior pathology.” Moreover,
studies highlighting the risk factors for the development of proliferative vitreoretinopathy
and its associated complex pathology often include detachments that involve the inferior
retina.28:27 Given the buoyancy of currently used post-operative gases and oils, it is often
very difficult to tamponade the inferior retina, which requires a vitreous cavity that is fully
filled with the agent in order to satisfactorily make contact with the inferior part of the eye.
Practically, this ineffective tamponade prevents the surface tension of the surgically placed
gas or oil to become apposed to the inferior retinal break, which in turn allows for vitreous
fluid to maintain access to the subretinal space. Hence, a potential inferior retinal
detachment is allowed to persist well before any applied laser can form its needed adhesions
to the retinal pigment epithelium and permanently seal the retinal tear.28 Furthermore,
isoexpansile gases by their very nature theoretically begin to reabsorb almost immediately
after placement (as they are designed to not expand) and this reabsorption occurs inferiorly.
Thus, in a normal head-up standing or sitting position, the area that has the longest time
under tamponade, even as the gas bubble itself is diminishing in volume, is the superior
retina. In order to obviate this problem, patients are routinely asked to position in very
uncomfortable, sometimes impossible positions (e.g. face-down) for extended periods of
time. As a result, even after surgical intervention in which gas or oil is placed, many studies
have shown that the most significant risk factor for retinal re-detachment was the initial
presence of inferior retinal breaks.2°

Curr Ophthalmol Rep. Author manuscript; available in PMC 2021 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Deobhakta and Rosen

Page 5

Common Complications associated with Heavy Liquids

A major complication with the intraoperative use of fluorinated heavy liquids is the
possibility of its retention in the eye at the conclusion of the case (Figure 2). Due to the
innate properties of these liquids (immiscibility, optical clarity, stability, high density, high
surface tension), it is often challenging to remove the entirety of the fluid, particularly under
situations of decreased visualization or complex pathology. Some long term follow up
studies have placed the rate of heavy liquid retention anywhere from less than 1 percent to as
high as 11 percent of all cases in which it is used.3%31 Even more problematic is that small
volumes of these fluids can subsequently move into the subretinal space and due to patient
positioning, can easily localize under the macula itself. This complication can cause
persistent problems with vision and, in some cases, require further surgery to remove.32

In addition to the physical effects of retention, fluorinated heavy liquids can have a toxic
effect on the retina if permitted to remain within the vitreous cavity for an extended period
of time. In animal studies, it has been noted that retained n-perfluro-octane for longer than a
week can lead to histological changes that include photoreceptor disruption — particularly of
the outer segments — and accumulation of macrophages in the vitreous cavity, with more
profound changes over longer time periods.33:34 Notably, these histologic changes all
occurred predominantly in the inferior areas of the retina in which the heavy liquid had
persistent contact. In addition, studies that have analyzed humans appear to show analogous
findings to those of animal trials, with macrophages laden with intracellular vacuoles
containing the heavy liquid, a generalized inflammatory response, and findings indicative of
mechanical compression in areas in contact with the agent.3538 Even anterior chamber
complications, such as corneal toxicity, endothelial cell loss, and secondary glaucoma can
occur with prolonged contact with the fluid.37-38 As a result, despite its inherent ability to
tamponade the inferior retina, the potential for long-term use of these existing liquids
postoperatively is limited at best, and expedited removal is often needed to prevent
subsequent complications.

Common Complications associated with Fluorinated Gases

Outside of their less than ideal tamponade of the inferior retina, the major complications
associated with gases include migration into unwanted areas of the eye, increased intraocular
pressure, and cataract formation.3° Gas migration can occur into the anterior chamber, which
can cause difficulties in visualization of the retina and potential toxicity to the cornea due to
interruptions in endothelial cell nutrition.#%-41 Notably, this complication can occur even in
phakic patients with no evidence of phacodonesis or zonular laxity.*? Increased intraocular
pressure has been reported in almost 60 percent of eyes, and both open angle (due to
expansion of the gas) and closed angle (due to anterior displacement of the lens-iris
diaphragm with iridocorneal touching by the posteriorly placed gas exerting forward
pressure) forms can occur.43-44 However, most sources indicate that the elevated intraocular
pressures are transient and tend to resolve as the gas reabsorbs.*® Finally, cataract formation
is common after vitrectomy itself — over 50 percent of patients require cataract surgery 6
months following the procedure — and its risk is increased with the existence of gas which
permits elevated retrolental oxygen levels that result in the formation of lens opacities.*6
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This cataract formation risk is increased the longer the gas remains in the eye.4” Yet despite
the above, gases are tolerated relatively well given that their use is transient by design, and
any prolonged amount of the agent will eventually reabsorb spontaneously.

Common Complications associated with Silicone Oils

While silicone oil is the most used long-term post-operative tamponade and is often chosen
for the treatment of inferior retinal detachments and complex retinal pathology, its use is
frequently associated with a number of complications. These complications include oil
emulsification, glaucoma, cataract, keratopathy, and even oil migration into the retina and
optic nerve.4849 In particular, the presence of emulsified oil droplets in the anterior chamber
can complicate visualization of the posterior pole during postoperative care. Additionally,
despite its ability to remain in the eye for longer periods of time relative to gases, its
similarly buoyant nature when within water makes inferior tamponade difficult. As a result,
some sources note anatomic failure rates as high as 30 percent, though it must be
acknowledged that silicone oil is typically used only in the most challenging of cases.18
Furthermore, the use of silicone oil necessitates a second surgery for removal, as
spontaneous reabsorption is not an option, and prolonged maintenance of the agent within
the vitreous cavity increases the risk for any of the above complications to occur.

Potential Innovations

The widespread challenges that exist with the tamponades currently in use has precipitated a
fairly extensive push for new approaches that attempt to fix some of those problems. Table 1
is an abridged list of various easily compared technologies that have been developed. In
general, novel approaches address current limitations by either sealing retinal breaks quickly
(thus potentially reducing the need for post-operative tamponades in the first place),
manufacturing some type of post-operative tamponade that reduces issues with buoyancy
(thus providing some form of long-term inferior tamponade), or creating a post-operative
vitreous analog that can provide circumferential tamponade but also potentially remain in
the eye and summarily self-degrade (thus avoiding a second surgery for removal).

Sealing Retinal Breaks

An interesting approach to the limitations described herein is to avoid any extra tamponade
altogether through the use of glue-like substances that are directly applied to individual
retinal breaks.>% The procedure involves first removing the vitreous via vitrectomy, then
removing subretinal fluid from around all breaks, then the replacement of fluid with air
within the vitreous cavity, then placement of endolaser spots around the breaks, and finally
application of a glue-like substance that seals the break while the laser is given time to
adhere strongly. Many types of sealant have been considered, including cyanoacrylate,
viscoelastic (sodium chondroitin and sodium hyaluronate), Seprafilm Adhesion Barrier
(Sanofi, Bridgewater, NJ, USA) (sodium hyaluronate and carboxymethylcellulose patch),
and fibrin glue (TISSEEL Kit, Baxter AG, Vienna, Austria), the latter two with very little
evidence of long term toxicity.>! In particular, fibrin glue has previously been used to
surgically treat optic pits, and during these procedures appeared to stay in place for 1-2
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weeks without any known toxicity.>2 Thus, for simple uncomplicated retinal detachments
requiring vitrectomy, a glue-like substance can potentially remain in place with enough time
for laser based strong adhesions to occur without need for any additional longer-term
tamponade.>0

Heavy Oils and Partially Fluorinated Hydrocarbons

One relatively obvious avenue of improvement would be to create silicone oils that have a
higher density than water, thus allowing it to localize inferiorly and provide long-term
tamponade in that area while avoiding the known toxicities of currently used retained heavy
liquids. Given that the addition of fluorine atoms to organic substances often creates an
elevated specific gravity, some approaches naturally explored the use of directly fluorinated
silicone oils as a tamponade. However, long term use of these substances result in some of
the same toxicities that retained fluorinated heavy liquids demonstrate.53 Hence, attention
was then turned to potentially moderating the problems of fluorinated heavy liquids by
making them less heavy (thus reducing potential mechanical trauma) and less hydrophobic,
as it was thought that slightly more hydrophilicity might permit a better metabolic profile to
the treated retina (which typically exists in a naturally water based environment). Thus,
semi-fluorinated alkanes were created; however, these too demonstrated individual retinal
toxicity on par with other fluorinated liquids.>#°

As a result of these findings, research turned to a combination of silicone oils and semi-
fluorinated, termed “Heavy Silicone Oils” with much better success. In particular, Densiron
68 (a combination of 5000 centistoke silicone oil and the semi-fluorinated alkane FgHg) and
Oxane HD (5700 centistoke silicone oil and the semi-fluorinated alkene RMN-3) have been
shown to have promise in potentially treating inferior detachments.>® Interestingly, in these
cases, complex pathology such as proliferative vitreoretinopathy tends to occur in the
superior hemi-field of the retina, as the heavy oil preferentially fills the inferior part of the
cavity first, and inflammatory cytokines congregate in the hydrophilic aqueous above.18
Thus, some approaches suggest placement of standard silicone oil first (which due to its
native buoyancy would cause proliferation to occur inferiorly) with subsequent removal and
treatment with heavy silicone oil, thus mitigating overall proliferative vitreoretinopathy and
re-detachment risk.57

Vitreous Substitutes

Perhaps one of the more long-standing developments is in research attempting to best
approximate the structure and function of native vitreous as a postoperative tamponade.
Theoretically, these substances should be able to fully fill the vitreous cavity, providing
surface tension throughout the entire internal surface area of the vitreous cavity, and not
suffer from the same long-term toxic effects of the other agents currently in use. Over the
years, many different substances have been tried, including hydrogels, silicone gels, collagen
derivatives, and even modified cellulose.58:59.60.61.62 NMajor limitations of these substances
tend to include inflammation, premature degradation, and an inability to surgically place
externally formed matrices given the shearing that occurs within small gauge vitrectomy.
63,64.65 Newer substances attempt to solve this problem by forming cross-linked bonds after
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placement within the vitreous cavity itself. Often this is accomplished via an exposure to
photic energy, to thermal energy, or simply a reaction that occurs over time.%6:67 Recently, a
rapidly gelling thermosensitive co-polymer has been shown to be nontoxic in both rabbit and
non-human primate models, with a refractive index approximating that of native vitreous
and with the capacity to stably biodegrade after 3 months, thus making it and advancements
like it potentially useful for future study and potential treatment.58

Future Paths

Considering that all of the above meritorious developments are not tools for intraoperative
use in stabilizing the retina, a potential avenue for further improvement not currently being
explored is via the creation of an intraoperative tamponade that could spontaneously
reabsorb over time. One idealized concept of a tamponade would be a substance that is
biologically nontoxic and unifies certain functions of all three canonical agents discussed
herein, namely fluorinated heavy liquids (immiscibility, high surface tension in water,
optical clarity, elevated specific gravity for inferior tamponade), silicone oil (tolerated
longer-term presence in the vitreous cavity), and fluorinated gases (buoyancy for superior
tamponade with spontaneous reabsorption) without having substantially elevated intraocular
pressure increases. At the very least, such an agent could be used intraoperatively while,
importantly, avoiding the complication of retained heavy liquid that routinely plagues their
current use. In addition, much like gas is currently used for superior retinal detachments in
pneumatic retinopexy, the ability to spontaneously reabsorb could permit this theoretical
agent to potentially be used at bedside for inferior detachments in an “inverse pneumatic”
fashion.

Notably, many of the above described advances could be used in combination with one
another for synergistic effect. In particular, one could easily envision a hypothetical clinical
scenario in which a spontaneously reabsorbing heavy liquid is surgically used for
intraoperative retinal stabilization and, if impossible to remove during the case, permitted to
remain in small quantities without fear of persistence and its subsequent toxicity. Thereafter,
a novel, optically clear, biologically safe vitreous substitute could be placed and function as
a longer-term tamponade, subsequently self-degrading after some period of time.

Conclusion

The introduction of retinal tamponades in the 20™ century heralded an era in which retinal
detachments became a condition that could be addressed with great success. However,
despite those advancements, re-detachments continue to occur in non-trivial numbers, with
permanent blindness still lurking as an ever-present danger with each surgery despite best
efforts. In order to address these important clinical problems, new developments are
attempting to remove some of the limitations that exist with current tamponades, and
potentially move the field into new paradigms of treatment.
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Figure 1.
Wide-field fundus photography of a 60 year old man presenting with a primary

rhegmatogenous retinal detachment 1 week (left) and 2 weeks (right) after pneumatic
retinopexy with pure perfluoropropane. Note the temporal fluid (left) which later resolves, as
well as the placed endolaser (right). Note the buoyancy of the gas bubble and its subsequent
positioning in the superior aspect of the globe.
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Figure 2.
Wide-field fundus photography of a 23 year old man 7 months after complex retinal

detachment repair with encircling scleral buckle, and silicone oil. Multiple areas of
subretinal n-perfluoro-octane can be readily seen throughout the posterior funds and beneath
the macula. The patient later had a second surgery to remove the oil and some of the
subretinal heavy liquid.
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Table 1.

Current technologies

Chemical name

Specific gravity (g/cm3) at 25°C

Semi-Fluorinated Alkanes

Perfluorohexylhexane (F6H6) 1.42
Perfluorohexyloctane (F6H8) 1.35
Perfluorohexylethane (062) 1.62
Fully Fluorinated Hydrocarbons

Perfluorooctane (nPFO) 1.77
Perfluorodecalin 1.92
Heavy Silicone Oils

Densiron 68 1.06
Oxane HD 1.02
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