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Purpose: Rhegmatogenous retinal detachment repair by intraoperative sealing of the tear without a tam-
ponade agent should enable faster restoration of vision and resumption of normal activities. It avoids the need for
further surgery in the case of silicone oil endotamponade. This study evaluated the retinal thermofusion (RTF)
retinopexy method of subretinal space dehydration before photocoagulation to create an instantaneous intra-
operative retina reattachment in a preclinical model.

Design: Preclinical study.
Participants: Twenty Dutch Belt, pigmented rabbits that underwent RTF repair after experimental retinal

detachment.
Methods: This ex vivo model quantified adhesion force between the retina and underlying retinal pigment

epithelium and choroid after treatment of 1 retinal edge using postmortem porcine or human retina (6 � 12 mm).
We compared (1) control, (2) laser photocoagulation alone, (3) dehydration alone, and (4) dehydration followed by
photocoagulation (RTF). Optimized parameters for RTF were then applied in the in vivo rabbit model of retinal
detachment. Animals were followed up for 14 days.

Main Outcome Measures: For this ex vivo model, we measured adhesion force and related this to tissue
temperature. For the in vivo study, we assessed retinal attachment using funduscopy and histologic analysis.

Results: The ex vivo model showed that RTF repair produced significantly higher adhesion force than
photocoagulation alone independent of dehydration method: warm (60� C) high airflow (50e70 ml/minute) or
using laser wavelengths targeting water absorption peaks (1470 or 1940 nm) with coaxial low airflow (10e20 ml/
minute). The latter approach produced a smaller footprint of dehydration. Application of RTF (1940-nm laser with
coaxial airflow) in an in vivo retinal detachment model in rabbit eyes resulted in immediate retinal adhesion,
achieving forces similar to those in the ex vivo experiments. Retinal thermofusion repair resulted in stable reat-
tachment of the retina over the 2-week follow-up period.

Conclusions: We showed that a short preliminary dehydrating laser treatment of a retinal tear margin before
traditional laser photocoagulation creates an immediate intraoperative waterproof retinopexy adhesion inde-
pendent of tamponade and a wound-healing response. This approach potentially will allow rapid postoperative
recovery regardless of the tear location and improved vision. Ophthalmology Science 2022;2:100179 ª 2022 by
the American Academy of Ophthalmology. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Supplemental material available at www.ophthalmologyscience.org
The essential outcome for successful rhegmatogenous
retinal detachment repair is closing the communication be-
tween the vitreous cavity and the subretinal space (SRS).
Current retinopexy techniques do not create an instanta-
neous seal or strong retinal adhesion to the underlying
retinal pigment epithelium (RPE) and choroid during sur-
gery, as demonstrated clinically by retinal slippage during
fluidegas exchange for giant retinal tear (GRT) repair.1 The
current method for retinal detachment repair is based on
century-old principles established by Jules Gonin,
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whereby a thermal tissue injury (heat or cold) triggers an
inflammatory wound-healing reaction that binds the margin
of the retinal tears to the underlying RPE and choroid.2e5

Wound healing requires both time and continuous contact
between the injured tissues to form a strong bond,6,7 just as
repair of a skin incision relies initially on sutures, tape, or
other support. Currently, retinal and choroidal contact is
achieved with an extraocular scleral buckle or, more
commonly, vitreoretinal surgery (vitrectomy) with a gas or
liquid tamponade agent.8,9 When the tamponade is a gas,
1https://doi.org/10.1016/j.xops.2022.100179
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vision can be blocked for several weeks, most patients are
unable to continue working, mobility is restricted, and
driving is prohibited.10 Critically, air travel or aeromedical
evacuation is prohibited because of the risk of blinding
intraocular gas expansion as ambient cabin pressure
decreases during ascent and flight.11e14 Liquid tamponade
agents (silicone oil or a heavier-than-water mixture with
perfluorocarbon liquid) require a second procedure for
removal and can be associated with a variety of complica-
tions,15 including oil maculopathy and glaucoma.
Furthermore, to achieve optimal buoyancy effect of the
tamponade, patients often need to assume a certain
position for up to 1 week after the procedure, particularly
for inferior pathologic features. This relies on patient
compliance and can be difficult in those with mobility or
cognitive issues. Finally, the presence of a gas tamponade
at the completion of surgery can contribute to greater risk
of retinal displacement and aniseikonia.16

That retinal reattachment after vitrectomy without tampo-
nade is possible was reported by Martinez-Castillo et al,17 but
others have been unable to reproduce these results reliably.
Retinal detachment repair without tamponade requires a new
reproducible surgical method to seal retinal tears during
surgery that is preferably intuitive for trained surgeons and
compatible with current vitreoretinal surgical systems.

These requirements prompted a reexamination of the
basic pathophysiologic features of retinal adhesion forma-
tion (retinopexy) and led to the development of the retinal
thermofusion (RTF)18 method. This method is based on the
basic principles that neither aspiration of nor displacement
by agents heavier than water (such as perfluorocarbon
liquid) can evacuate all the subretinal fluid (SRF) because
of the physical properties of water, namely, the cohesion
between water molecules and the adhesion of water
molecules to a surface. Subretinal fluid is near-Newtonian
with relatively weak intermolecular bonds (cohesion)
holding water molecules together,19 and these are much
weaker than the adhesive force between water and
surfaces. In addition, the cell membranes of the RPE and
the retina are lipid and thus hydrophobic and are
immiscible with water. It is proposed that the persistence
of a fine layer of SRF facilitates retinal translocation and
slippage during GRT repair, despite the clinical
appearance that the retina has been reattached. Crucially,
the fine layer of SRF maintains separation of the outer
retina from the RPE such that photocoagulation coagulates
both tissues sequentially and independently; the RPE and
choroid are coagulated by heat generated by melanin
absorption of laser energy, and the retina is coagulated
indirectly by the choroidal heat transferred via the SRF.
The laser coagulation of the RPE and choroid separately
to the retina prevents instantaneous integration of the two
such that a wound-healing process is required to create a
permanent connection between the tissues.

Based on the preliminary method of RTF in which sub-
retinal dehydration was achieved with a room temperature air
stream,18 we investigated a variety of methods to achieve
SRS dehydration and measured the adhesion strength
created by laser photocoagulation, both with and without
SRS dehydration. We also developed a novel laser-based
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device comprising wavelengths that liberate water mole-
cules from the water phase without significant elevation of
tissue temperature to coagulation levels that, when combined
with a low-flow coaxial airstream, achieve rapid and focal
dehydration of the retinal tear margin by a process we call
photodehydration. Photocoagulation with the same wave-
length at a higher-power intensity then was performed in the
dehydrated area to create the instantaneous fusion of retina
with the RPE and choroid. This method for retinal reattach-
ment repair without tamponade then was validated in the
lensectomy and vitrectomy rabbit retinal detachment model.
Methods

All procedures were performed based on the provisions of the
Australian National Health and Medical Research Council code of
practice for the care and use of animals in research. They were
approved by the St. Vincent Hospital Animal Ethics Committee
(identifier: 17-371AC). Human donor eyes were donated from the
Centre for Eye Research Australia Lions Eye Donation Service,
and the procedures were approved by The Royal Victorian Eye and
Ear Hospital (identifier: 13-1151H-007). Research on human donor
tissue adhered to the tenets of the Declaration of Helsinki.

Ex Vivo Retinal Detachment Model

Our ex vivo porcine model used freshly harvested abattoir-sourced
porcine eyes (Diamond Valley, Laverton, Australia) maintained on
ice for no more than 5 hours before use. In addition, human donor
retinae were obtained from the Lions Eye Donation Service (Centre
for Eye Research, East Melbourne, Australia) and used to validate
the findings from porcine eyes. Human donor retina was retrieved
and used for ex vivo experiment within 24 to 48 hours after death.
Porcine eyes were prepared by removing the anterior segment just
behind the limbus using a scalpel blade followed by the lens and
then gentle aspiration of the vitreous using a 1-ml syringe (Ter-
umo). The anterior segment already had been removed from human
donor eyes. Four relaxing cuts then were made in the sclera, and
the eyecup was flattened. Any remaining vitreous was removed
using a sponge tip (Weck-Cel, BVI Medical). Using surgical
scalpels (no. 22 Swann-Morton), we prepared 6 � 12-mm fresh
tissue blocks (Fig 1). Using cyanoacrylate glue (Loctite; Henkel
Corporation), we secured the scleral surface of the tissue block
to a plastic weigh tray (ProSciTech), which then was placed
under a dissection microscope (Stemi 1000; Zeiss).

We treated one of the shorter edges (6 mm) of this tissue block
to mimic repair of a retinal tear margin. The immediate integrity of
the repair can be examined in several ways: (1) by introducing
water under the retina to test if the seal is waterproof and (2) pulling
the retina tangentially and perpendicularly using a motorized
micromanipulator (Zeiss) to test adhesion strength. A tangential
pull mimics the effect of the weight of the retina being pulled down
by gravity on the tear repair margin or surface membrane
contraction. Sample sizes of 5 repeats allow us to detect differences
in retinal adhesion of 0.3 g, with statistical power of 85%.

Specific Treatment Conditions

The control condition consisted of no treatment, with tissue block
allowed to rest for 3 minutes in ambient conditions (humidity of
45%e50% and temperature between 20� and 22� C [XC4520
DHT11 Temperature and Humidity Sensor; Aosong Electronics Co
Ltd]) before adhesion testing. In this condition, when the retina was
pulled perpendicularly, the force represented the weight of the



Figure 1. Ex vivo model of retinal detachment. Experimental setup to assess retinal temperature, retinal thickness, and adhesion strength between retina
and the retinal pigmented epithelium (RPE) after retinal thermofusion (RTF; dehydration, then laser photocoagulation). A 6 � 12-mm section of retina
with RPE, choroid, and sclera in porcine and human cadaver eyes served as an ex vivo model of retinal detachment. AeC, The retinal sample was imaged
using (A) OCT, (B) color microscopy, and (C) a thermal camera simultaneously. The left edge of the retina was treated with RTF and pulled from the
underlying RPE and choroid via an 8-0 suture attached to the retinal surface. D, Graph showing the maximum force required to detach the retina completely
that was recorded using a force transducer, which allows quantification of the adhesion strength produced by RTF.
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retina (and glue), as well as the bond between the retina and RPE.
Resistance to tangential pulling represents the adhesion between
the photoreceptor outer segments and the RPE. Because the
tangential force is more clinically relevant, we used that as our
retinal adhesion parameter, as did the methods of Zauberman6 in
the cat and those of Yoon and Marmor in the rabbit.7

Photocoagulation Alone. To model the current clinical
approach, we compared the control condition with laser photoco-
agulation alone. In this case, excess fluid was wicked away from
the edge of the retina using a Weck-Cell sponge point. After
wicking, the 6-mm edge of the tissue block underwent standard
laser photocoagulation. This was achieved by applying the retina
edge laser burns using either an 810-nm (300 mW, 200 ms;
Oculight SLx [Iridex]) or a 532-nm laser (200 mW power, 200 ms;
Oculight TX [Iridex]) through an 25-gauge endoprobe (model no.
14120, standard straight; Iridex). Between 60 and 80 burns were
applied in 2 overlapping rows along the distal 6-mm edge of the
tissue block to model in vivo repair of a retinal tear. Immediately
after laser application, approximately 200 ml of normal saline was
added slowly under the retina around the nonlasered edges to
minimize drag resulting from drying and compression by the
scalpel incision. The retina then was pulled to test retinal adhesion
strength, as detailed below.

Warm Air Retinal Thermofusion: The RTF approach was
modeled first by dehydrating the edge of the tissue block for 1 to 3
minutes using 2 approaches. The first approach used a custom-
made device to deliver heated air (30�e75� C) at flow rates of
50 to 70 ml/minute through a custom-made 25-gauge intraocular
thin-walled flute (Ingeneus Pty Ltd). Under a microscope, the
handheld probe was manipulated manually to maintain the tip of
the flute at approximately 1 to 3 mm from the surface of the retina.
The probe was moved such that the edge of the retina was dried
gradually (Supplemental Video 1). Comparisons of adhesion
strength were made for 1, 2, or 3 minutes of warm air
dehydration alone. Additionally, adhesion strength was quantified
for 2 or 3 minutes of warm-air dehydration followed by photoco-
agulation using an 810-nm laser, as described above. The rela-
tionship between adhesion force and temperature integral above
basal tissue temperature (22.3� � 0.4� C; T420 [FLIR]) before
photocoagulation was quantified. For both the control and no
dehydration conditions, this integral was close to zero.

Laser-Based Retinal Thermofusion. Because a stream of air
exiting the end of a narrow tube undergoes significant adiabatic
expansion, a wide area of tissue can be affected, depending on the
size of the tube and the speed of airflow. Thermodynamic modeling
of 50 ml/minute airflow through a 25-gauge probe will impact a
retina area some 5 mm in diameter (Supplemental Fig S1A). This
approach has the potential to dry the retina away from the
immediate region of the retinal tear. This was confirmed using
thermal imaging in ex vivo porcine tissue (Supplemental Fig
S1B). To achieve more focal dehydration of SRF, we explored
the possibility of harnessing the physical properties of water
whereby photons are absorbed directly to energize and disrupt
water molecule bonds to liberate water molecules from the liquid
phase. To achieve this, we used lasers at wavelengths strongly
and selectively absorbed by water to achieve more focal
dehydration of retinal fluid. The absorbance spectra for water is
shown in Supplemental Figure S2A, with distinct peaks at 1470
and 1940 nm.20 We showed using 20-ml distilled water drops on
glass slides that laser dehydration (using the 1470-nm laser) was
3
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more effective than airflow alone at removing water (Supplemental
Fig S2B vs Fig S2C). Laser-liberated water can reform as small
droplets near the main drop (Supplemental Fig S2C). We also
showed that water was dehydrated more efficiently when the
dehydration laser was combined with gentle airflow. This effect
was dependent on the speed of airflow (Supplemental Fig S2D,
E). Thereafter, SRF dehydration was achieved using targeted
laser initially at 1470 nm (Anritsu) mounted on a custom optical
setup (MOGLabs) incorporating a diode-aiming laser allowing
coupling to a handheld 23-gauge dual function endoprobe (23-
gauge soft-tip aspirating laser probe BL5293ASP; Bausch and
Lomb) so that the aspirating channel could be used for coaxial
airflow to disperse the liberated water efficiently. The 1470-nm
laser was superseded by a 1940-nm laser (high-power diode;
Akela Laser) that was absorbed by water more strongly and
showed a greater range, offering the potential to generate sufficient
power for photocoagulation, not just photodehydration. For that
prototype, the 1940-nm laser diode was incorporated into an
existing laser chassis (eyeLase532; Ingeneus Pty Ltd) for power
supply, the helium-neon laser aiming low-power visible red laser
and output controls together with the fiberoptic (BL5293ASP)
coupling. To optimize the power delivery to the eye further, a
novel intraocular 25-gauge dual-bore handpiece (Ingeneus Pty Ltd)
was constructed using low-hydroxyl fiber for improved photon
transmission efficiency.

Laser power was calibrated using a power meter (PM100D;
Thorlabs) attached to either an S132C (700e1800 nm) or S148C
(1200e2500 nm) sensor (Thorlabs). The 1470-nm and 1940-nm
lasers were used to dry SRF at a power range of 15 to 45 mW
and 5 to 15 mW, respectively. Immediately after dehydration, the
margin of the retinal tear underwent photocoagulation using the
532-nm laser as described above. In addition, we considered
whether the 1940-nm laser when used at a higher power also could
be used as a photocoagulation laser. Thus, in several samples,
1940-nm laser photodehydration was followed by 1940-nm
photocoagulation (45e60 mW). We compared retinal adhesion
achieved with this combination (1940-nm drying and coagulation)
against 1940-nm laser photodehydration followed by 532-nm
photocoagulation.

Ex Vivo Model Outcome Measures

Testing Retinal Adhesion Strength. Using a small drop of cyano-
acrylate glue (Loctite), the tip of an 8-0 suture (Vicryl Ethicon;
Johnson & Johnson) was attached to the surface of the retina, away
from the retinal edge so as not to alter the retinal integrity, as
shown in Figure 1B. The other end of the suture was attached to an
isometric force transducer (MLT0402; ADInstruments) connected
via a preamplifier (FE232; ADInstruments) to a data acquisition
system (Powerlab 8/SP; ADInstruments) with associated software
(Chart; ADInstruments). The force transducer (MLT0402) was
attached to a motorized micromanipulator (Zeiss) that allowed
the attached suture and retina to be pulled laterally (to the right)
away from the repair edge at a rate of 0.1 mm/second
(Supplemental Video 2). This allowed us to quantify any
increase in force from retinal adhesion to the underlying RPE
and choroid after retinal treatment. Force data (100 samples/
second) were analyzed (Chart; ADInstruments) by taking the
peak force achieved during the controlled pull. The difference in
peak force between experimental manipulations was compared.

Ex Vivo Imaging and Analysis. A color camera (XiQ; Ximea)
was used to capture a video of the tissue surface throughout the
experiment (Fig 1B). The tissue block also was imaged
continuously using a thermal camera (T420; FLIR) with a macro
lens attached that allowed us to quantify tissue temperature
throughout the experiment (Fig 1C) as soon as the accuracy of
4

the tissue temperature measurement using thermal imaging was
confirmed by placing an implantable thermocouple probe
(MLT1402 T-type fast thermocouple; ADInstruments) placed
under the edge of the retina. Thereafter, thermal imaging was
used in preference because the thermocouple was unstable under
the retinal sample and caused unwanted tissue distortion. Video
sequences were acquired at a frame rate of 30 Hz and
subsequently analyzed using FLIR tools to return the peak
temperature and temperature integral. Temperature integral was
determined by quantifying the peak basal temperature across the
6 � 12-mm retinal block. This basal temperature was averaged
over 1 minute before any manipulation. The difference at more
than basal temperature was quantified for each second and then
summed over the full duration of retina dehydration (sum degrees
Celsius � seconds). The relationship between tissue temperature
integral during dehydration (i.e., before photocoagulation) and
peak adhesion force was examined.

Quantifying Change in Tissue Thickness. Finally, the left most
(distal) edge of the tissue block also was imaged using OCT
(Bioptigen with 18-mm lens attached; Leica), as shown in
Figure 1A, B (scan direction). This enabled us to quantify change
in tissue thickness and SRT. Imaging (5 frames/second) was
undertaken with a 3-mm B-scan (500 A-scans) oriented from left
to right. This scan positioning captured the edge of the retina, the
underlying RPE and sclera, the fluid meniscus, and any SRF, as
shown in Figure 1A. Analysis was undertaken by measuring tissue
thickness for the inner limiting membrane to the RPE.
Measurements were made perpendicular to the RPE every 20 mm
from the edge of the retina and at every 15 seconds from the
onset of dehydration. To consider the effect of dehydration,
thickness measurements for a given sample were expressed as a
percentage relative to its own baseline thickness.

In Vivo Rabbit Model of Retinal Detachment

Twenty pigmented, Dutch Belt adult rabbits weighing at least 3 kg
underwent the full surgical sequence in this study. First, the 1470-
nm laser with airflow was used for drying the retinal tissue, and the
532-nm laser was used for photocoagulation (6 animals). This was
replaced with the longer wavelength 1940-nm laser (5 animals),
and finally, the 1940-nm laser was used for both drying and
photocoagulation of the retina (6 animals).

Animals were premedicated via an intramuscular injection with
a nonsteroidal anti-inflammatory agent (Caprieve at 1.5 mg/kg final
dose; Norbrook) 15 minutes before anesthesia, at which time pupils
were dilated using 1 drop of atropine 1% (Alcon), tropicamide 1%
(Alcon), and phenylephrine 10% (Alcon). Induction of anesthesia
was undertaken via an intramuscular injection of a combination of
ketamine (35 mg/kg; Troy Laboratories) and xylazine (5 mg/kg;
Troy Laboratories). Animals then were maintained using 1% to
1.5% isoflurane (Isoflo; Zoetis) delivered with oxygen at a flow
rate of 2 ml/minute. Depth of anesthesia was ensured before sur-
gery. Pulse, respiration, and anesthesia depth were monitored
throughout surgery.

Surgical Technique. The key steps related to model induction
are summarized in Figure 2. In brief, rabbits were positioned on
their right side on a warming pad under the operating
microscope, and a lid speculum was inserted. To prevent
dislocation of the speculum, a 3-0 silk suture (Johnson &
Johnson) was passed through the superior and inferior eyelids to
secure the arms of the speculum, and the nictitating membrane
also was sutured to prevent migration during surgery. Localized
conjunctival peritomies were created and a 25-gauge cannula
(Alcon Constellation System; Alcon) was secured with 8-0 Vicryl
(Johnson & Johnson) to the sclera for the infusion. Without
securing the cannula, the weight of the infusion line can dislodge



Figure 2. Schematic diagram showing in vivo induction of rhegmatogenous retinal detachment and its repair with retinal thermofusion in rabbits. After (A)
lensectomy and (B) vitrectomy, retinal detachment was induced by subretinal injection of (C) normal saline and (D) retinotomy. E, Fluidegas exchange
was performed, and excessive subretinal fluid was extruded before repair. The tear margin was treated further (F) with 1940-nm laser photodehydration in
continuous mode to eliminate the subretinal fluid meniscus, which (G) facilitates an instant sealing after 1940-nm photocoagulation. Supplemental Video 3
is a video representation of the surgery.
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the cannula because the rabbit sclera is much thinner than that in
human eyes, for which the cannula system was designed. The
rabbit eye has virtually no pars plana for safe placement of the
sclerotomies to avoid the peripheral retina, and in several pre-
liminary surgeries, a peripheral retinal defect developed because of
the fragmatome ultrasonic action resulting in retinal detachment.
Thus, a near perpendicular translimbal insertion of the 25-gauge
cannula through the iris root into the vitreous cavity was adop-
ted. Adrenaline (1 mg/ml final concentration; Aspen Medicals) and
low-molecular weight heparin (Enoxaparin 20 units/ml; Sanofi-
Aventis) was added to the balanced salt solution (BSS; Alcon)
intraocular infusion. The heparin minimizes fibrin formation,5,21

and the adrenalin both aids stable pupil dilation and also helps to
reduce any heparin-induced bleeding.

A lensectomy was essential for adequate clearance of the
anterior vitreous to allow placement of the detachment bleb ante-
riorly so that it was high enough to remain above any pooling fluid
during the dehydration phase of the retinopexy and also to avoid
the teardrop effect from residual vitreous on the posterior lens
capsule after the fluidegas exchange, preventing visualization of
the retinal defect margin to enable the RTF treatment to be per-
formed. A limbal clear corneal incision was made (Clearcut S
keratome blade; Alcon) to perform the 25-gauge phacoemulsifi-
cation lensectomy (Infinity Ozil; Alcon). After completion of the
lensectomy, a 10-0 monofilament nylon suture (Johnson & John-
son) was used to close the corneal wound. Two more 25-gauge
trocars with cannulas were passed through the iris root into the
vitreous cavity in the superior quadrants, and the cannulas were
secured to the sclera using 8-0 Vicryl sutures.

For visualization of the retina, a Landers widefield vitrectomy
system supporting arm was attached to the operating microscope,
and a PeymaneWesselseLanders lens (Ocular Instruments) was
placed above the cornea. The 25-gauge vitrector and light pipe
were inserted, any residual lens capsule was cleared, and then all
accessible vitreous gel was removed. To ensure that as much gel as
possible was removed, triamcinolone acetonide 0.1 ml (Kenacort-
40; Aspen Medical) was injected repeatedly into the vitreous cavity
to aid visualization of the clear vitreous22 and to ensure as
complete a removal of vitreous as possible. The vitreous was
attached more firmly over the medullary wing than elsewhere,
and the peripheral vitreous fibrillar density was much less in the
periphery, consistent with previous anatomic studies.23 An
attempt to create a posterior detachment was made in all cases
but not completely convincingly in all cases in this rabbit model.
In one case, a small retinal tear developed at the border of the
medullary rays, causing a localized detachment, and surgery was
abandoned. When no obvious release had occurred (as seen in
human surgery) after multiple high-vacuum aspiration attempts,
high-vacuum aspiration was performed extensively after repeat
triamcinolone acetonide injection over wide areas of the peripheral
retina. No difference was found in the postoperative course of
those animals with no intraoperative tears.

To create the retinal detachment, BSS (Alcon) was injected into
the SRS through a soft-tipped 25-gauge cannula (Alcon) attached
to a syringe controlled by an assistant. The soft-tipped cannula was
placed on the retinal surface as the BSS injection commenced, and
the injection was maintained until an adequate area of detachment
formed. The localized bleb of retinal detachment was created as
anteriorly as possible in the mid periphery of the inferior retina so
that it remained above any reaccumulating fluid and could be kept
dry. The vitrector was used to create a retinal defect (2e3 mm in
diameter) to mimic retinal tears found during retinal detachment
surgery. A standard fluidegas exchange with aspirating 25-gauge
soft-tipped cannula through the retinal defect was performed, as
in traditional vitreoretinal surgery.

As soon as the retinal tear margin and the retina were reat-
tached, according to routine surgical criteria, dehydration of a 1- to
2-mm retinal zone around the tear margin was achieved with the
combination of laser (initially with the 1470-nm prototype and
subsequently with the 1940-nm unit) and an airstream delivered via
the aspirating channel of a 25-gauge aspirating laser handpiece (25-
gauge soft-tip aspirating laser probe BL5293ASP) with the aid of
an aiming beam. The airflow was generated by an independent
syringe pump (22; Harvard Apparatus) connected through a fine
syringe filter (0.22 mm; Millex GV, Merck Millipore). The airflow
was controlled between 20 and 40 ml/minute by the assistant. The
5
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intraocular pressure was not affected because of the regulation of
intraocular pressure by the Constellation console vented gas forced
infusion control system. The laser for photodehydration was used
at power of 15 to 45 mW for the 1470-nm laser and 5 to 15 mW for
the 1940-nm laser, and drying took between 3 and 5 minutes.
Adequate dehydration was judged when the sheen from the fluid
meniscus where the retinal margin joined the exposed RPE layer
was lost, the adjacent retinal surface developed a matte reflex, and
the dehydrated retina appeared darker and thinner than the adjacent
untreated retina.

Because of the formation of copious plasmoid aqueous by the
rabbit eye,24 the retinal defect was sometimes flooded by this fluid,
thus preventing SRS dehydration. In addition, sometimes the laser
probe became adherent to it, and movement displaced the retinal
edge. To counter this, we modified our technique to incorporate
a chandelier fiberoptic light (25-gauge; W/RFID 8065751577
[Alcon]) so that, with a bimanual technique, concurrent continuous
aspiration (25-gauge soft tip) within the retinal tear was performed
during the laser dehydration and subsequent photocoagulation.

As soon as adequate dehydration was achieved, 2 to 3 contin-
uous rows of 500-ms duration laser pulses using a 532-nm (Iridex)
laser with a spot size of approximately 500 mm set at a duration of
500 ms delivered via a 25-gauge laser fiberoptic (BL5293ASP)
was applied around the tear margin. The intensity was set at levels
sufficient to produce opacification of the treated retina (150e250
mW, pulsed). A similar effect could be achieved using the 1940-
nm laser set at higher power (45e60 mW, continuous). In 3 rab-
bits (1 that received laser treatment only and 2 that had undergone
the RTF procedure) 10-0 sutures secured to the retina below the
inferior tear margin using fibrin glue (Fibrin Sealant; Baxter). As
above, this suture was attached to an isometric force transducer
(MLT0402), and using a motorized micromanipulator (Zeiss),
constant force was applied over 90 to 120 seconds to test adhesion
strength. Animals were killed at the end of the adhesion test.

In the remaining 17 rabbits, BSS infusion then was recom-
menced slowly to fill the vitreous cavity. The sclerotomies were
closed with a 10-0 nylon monofilament suture (Ethicon; Johnson &
Johnson), and exposed cut suture ends were rounded off using the
532-nm laser to soften the cut ends. These animals were followed
up for 14 days.

After surgery, animals received 5 ml of warmed Hartman’s
solution subcutaneously (Baxter) and were kept warm until they
regained the righting reflex. After awakening and over the first day,
animals were encouraged to drink (hand fed using a 50-ml syringe
if necessary) and to eat softened food pellets. Postsurgical care of
eyes consisted of mydriatic (1% atropine once daily; Alcon), Pre-
dnefrin Forte 4 times daily (Allergan), and antibiotic ointment 4
times daily (1% Chlorsig; Aspen Pharma). Additional subcutane-
ous warmed Hartman’s solution was given if any signs of dehy-
dration were present. Caprieve (Norbrook) was given once daily if
animals showed any signs of pain.

Two weeks after surgery, animals were deeply anesthetized
(intramuscular ketamine 35 mg/kg and xylazine 5 mg/kg mixture),
and images of the retina were obtained using a fundus camera
(Micron III; Pheonix). Immediately after imaging, animals were
killed (intravenous 100 mg/kg Lethabarb; Virbac). After eyes were
enucleated, 100 ml of Davidsons’s fixative was injected into the eye
using a 30-gauge needle through the cornea. The eye then was
immersed in Davidson’s fixative for between 16 and 24 hours.
Eyes then were dissected and processed for paraffin embedding
(Melbourne Histology Platform, Parkville, Australia). Ten-micron
thick sections were cut through the treated area and stained with
hematoxylineeosin (Sigma). Images were captured using �2 0.05
NA or �10 0.40 NA objective on an BX51 brightfield microscope
(Olympus) at the Microscope Facility at The Florey Institute of
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Neuroscience and Mental (Melbourne, Victoria, Australia).
Outcome measures were in vivo fundus imaging and histologic
confirmation that the retinal repair remained intact after 14 days.

Statistical Analyses. Data are given as group mean � standard
error of the mean. Comparisons between conditions were made
using the 1-way analysis of variance [ANOVA], with Dunnett’s
multiple comparisons between groups (Prism 9; GraphPad).
Results

Ex Vivo Retinal Detachment Model

Figure 3 shows that warm air (50�e70� C) at rates between
20 and 70 ml/minute changes the appearance of ex vivo
porcine retina on OCT. After 3 minutes of dehydration,
less evidence of SRF, retinal thinning, and increased
reflectivity was observed at the level of the RPE and inner
limiting membrane, and overall, a more homogenous
retinal appearance was observed. Quantification of retinal
thickness at the edge of the repair confirmed that the
largest effect occurred nearest the retinal margin. Overall,
the retina was significantly thinned (P < 0.001, time
effect on 2-way ANOVA), specifically by 16 � 3% after
3 minutes.

Next, we considered the effect of RTF on adhesion
achieved between the retina and underlying RPE and
choroid (Fig 4A). After treatment, on the left edge of the
retinal section, cyanoacrylate glue was applied near the
midpoint of the retina, and a fiber connecting the retina to
the force transducer was attached (Fig 4A). Figure 4B
shows an example of force traces during a controlled pull
toward the right, away from the retinal repair edge.
Compared with photocoagulation alone, RTF using
warmed air dehydration before photocoagulation using an
810-nm laser produced higher adhesion force (Fig 4B).
Note that forces of > 2 g often (approximately 80% of
cases) exceeded the strength of the postmortem porcine
retina. Such forces resulted in the untreated retina tearing
from the RTF-treated zone. The peak force in those in-
stances thus underestimated the separation force of the RTF
bond itself. Because of the nature of cyanoacrylate chain
polymerization (exothermic and can release formalde-
hyde25,26), gluing a fiber over the thermofusion bond area
distorts the retinal strength; as such, no attempts were
made to measure the attachment strength directly.
Nevertheless, the peak force was used here as a surrogate
for repair adhesion strength, as summarized in Figure 4C.
Photocoagulation alone did not increase adhesion
significantly compared with untreated samples (P ¼ 0.98,
1-way ANOVA with multiple comparisons). Dehydration
for 2 or 3 minutes (1 minute, P ¼ 0.86; 2 minutes, P ¼ 0.01;
3 minutes, P ¼ 0.0008) and RTF with dehydration for 2
minutes (P ¼ 0.0016) or 3 minutes (P < 0.0001) all pro-
duced significantly higher adhesion. Figure 4D shows that
the strength of adhesion increased with higher temperature
integrals achieved during the dehydration process, with
data for dehydration alone, as well as for RTF (drying
followed by photocoagulation), both following a similar
relationship. Although the warm air achieved SRF



Figure 3. Effect of warm air dehydration on retinal thickness. A, Representative OCT images before and after 3 minutes of dehydration. Total retinal thickness
at the edge treated by warm airflow was determined at 5 locations, each 50 mm from the edge of the retinal margin. B, Graph showing gradual reduction of
retinal thickness over the course of dehydration (n ¼ 15). Error bars are standard error of means. Measurement lines are color coded in (B) as per (A).
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dehydration and facilitated strong bond formation (Fig 4),
the thermal footprint of warm air dehydration was much
greater than the diameter of the delivering tube because of
Figure 4. Adhesion strength of retinal thermofusion in ex vivo porcine eyes. A,
retina to the force transducer was attached. Photograph showing a micromanipul
and the RTF-treated retinal edge. B, Line graph showing force traces for 2 sa
thermofusion (RTF; gray trace) than laser coagulation alone (blue trace). C, Bar
alone (n¼ 5), warm air drying (1 minute, n¼ 6; 2 minutes, n¼ 9; and 3 minute
with warm air drying and photocoagulation alone. D, Scatterplot showing that t
drying before photocoagulation. Error bars are standard error of means. Figure
adiabatic expansion of moving air out of a small aperture
(Supplemental Fig S1A, B) and has the potential to
damage the retina well beyond the immediate zone of
After treatment, cyanoacrylate glue was applied, and a fiber connecting the
ator pulling at a constant rate, causing the stress lines between the dried glue
mples in which the peak adhesion force was higher as a result of retinal
graph showing peak force measured for untreated (n ¼ 9), photocoagulation
s, n¼ 5), and RTF (n¼ 5). Stronger adhesion was achieved with RTF than
he peak force achieved was associated with the temperature-time integral of
legend in (D) is as per (C).
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Figure 5. Bar graphs showing a comparison of retinal thermofusion achieved
with warm air dehydration or laser photodehydration. A, Using the ex vivo
porcine retina preparation, similar levels of adhesion force were achieved
when dehydrating for 3 minutes with warm air (n ¼ 5), 1470-nm laser (n ¼
6), or 1940-nm laser (n ¼ 4). Higher force was achieved when dehydration
was followed with photocoagulation (warm air dehydration followed by 810-
nm laser photocoagulation [n ¼ 5], 1470-nm photodehydration [n ¼ 13],
and 1940-nm photodehydration [n ¼ 14] followed by 532-nm photocoagu-
lation). B, Retinal adhesion force achieved was similar between 810-nm
(n ¼ 8) and 532-nm (n ¼ 11) photocoagulation laser. Error bars are stan-
dard error of means.

Figure 6. Effectiveness of photodehydration followed by 532-nm or
1940-nm laser photocoagulation in ex vivo porcine and human retina. A,
Photograph showing donor tissue with model retinal tear to the left.
Margin of dehydration and repair indicated by the blue arrow. The green
arrows indicate margins of a new retinal tear induced by a tangential
pull. The retina was bunched to the right of the cyanoacrylate
glue. B, Photomicrograph (original magnification �2) showing
hematoxylineeosin staining of a retinal cross section showing bonding of
the retina to the retinal pigment epithelium and choroid. C, Bar graph
showing that photodehydration of porcine tissue produced higher adhe-
sion force (group sizes: untreated, n ¼ 9; 1940-nm dehydration, n ¼ 4;
1940-nm dehydration and 532-nm photocoagulation, n ¼ 14; and 1940-
nm dehydration and photocoagulation, n ¼ 12). D, Bar graph showing
that photodehydration followed by photocoagulation produced signifi-
cantly higher adhesion (group sizes: untreated, n ¼ 4; 532-nm photo-
coagulation, n ¼ 4; 1940-nm dehydration and 532-nm photocoagulation,
n ¼ 7; and 1940-nm dehydration and photocoagulation, n ¼ 10).
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dehydration. This is clinically unacceptable. A novel
approach to dehydrating the SRS that limits the thermal
footprint (Supplemental Fig S1C) is to use lasers tuned to
wavelengths targeting key water absorption peaks
(Supplemental Fig S2A). Supplemental Figure S2 also
shows that more effective dehydration was achieved when
laser dehydration was used in combination with airflow
(Supplemental Fig S1D, E).

Figure 5A shows that, when used in combination with
low airflow (20 ml/minute), dehydration using 1470-nm or
1970-nm lasers produced similar retinal adhesion forces
(P ¼ 0.95, 1-way ANOVA). When dehydration was fol-
lowed by photocoagulation, retinal adhesion force consis-
tently was higher than with laser dehydration alone (P ¼
0.92 for interaction, P ¼ 0.64 type of treatment, and P ¼
0.0045 for photocoagulation effect, 2-way ANOVA).
Because some early experiments used 810-nm photocoag-
ulation (because of the availability of that laser in the lab-
oratory), whereas later experiments used 532-nm
photocoagulation, we compared these directly. Figure 5B
shows that the 810-nm and 532-nm laser photocoagulation
bonding effects were not different (P ¼ 0.24, t test) and thus
can be used interchangeably for photocoagulation.

As soon as we had established the ex vivo retinal
detachment model, we wanted to ensure that our observations
on porcine specimens also were relevant to human retina
tissue. We quantified adhesion force achieved using the
1940-nm laser for tissue photodehydration followed by 532-
nm or 1940-nm laser photocoagulation in porcine or human
retinal samples (Fig 6B, C, respectively). Photodehydration
alone produced greater adhesion strength than controls (Fig
6C). Retinal thermofusion produced stronger adhesion than
drying alone. In human tissues, RTF resulted in
8

significantly stronger adhesion than untreated samples (Fig
6D). Comparisons of photocoagulating lasers showed that,
for both porcine (Fig 6C; P ¼ 0.49) and human (Fig 6D;
P ¼ 0.99) tissue, no difference was found between the
532-nm and 1940-nm lasers that were applied after 1940-
nm drying.

In 3 rabbits, we assessed retinal adhesion strength
in vivo. Gluing the suture to the retinal tear margin proved
to be particularly challenging because cyanoacrylate
released formaldehyde,27 causing corneal opacification.
After some trial and error, we were successful when the
cyanoacrylate was replaced with a fibrin glue that
produces a natural adhesive, relying on the formation of a
fibrin clot to hold the suture firmly in place. Figure 7A
shows 3 adhesion force traces obtained from RTF using a
1470-nm laser for photodehydration and a 532-nm laser
for coagulation. The force required to pull the retina away



Figure 7. In vivo retinal thermofusion (RTF) in rabbit eyes. A, Line graph
showing that, in 2 eyes, in vivo RTF produced peak forces of 2.12 g (or-
ange) and 4.39 g (yellow) adhesion force, compared with the control (0.79
g, gray trace). B, Bar graph showing summary of completed RTF surgeries in
17 animals. All surgeries using photodehydration (either 1470 nm or 1940
nm) followed by 532-nm coagulation or 1940-nm laser for both drying and
coagulation. The primary outcome was confirmation that the entire retinal
tear margin was attached as confirmed by in vivo funduscopy, as well as
postmortem histologic analysis. With the 1940-nm laser (followed by
coagulation with either the 532-nm or the 1940-nm laser), all repairs were
attached, whereas when using the 1470-nm laser for drying and 532-nm
laser for coagulation, 2 of the 6 repairs had detached retinas at the end
point.
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from the choroid was > 2 g, which was greater than the
ex vivo baseline force of 0.5 g (Fig 7A).

Clinically, the strength of retinal adhesion is in itself not
important (formation of an effective waterproof seal is the
priority) for most cases during retinal detachment repair,
but retinal slippage during GRT repair remains a significant
surgical challenge,28 despite the introduction of
perfluorinated liquids (PFCLs) to reposition the retina. To
assess whether the RTF method could prevent GRT
slippage in a PFCL-filled eye, we first measured ex vivo
the transmission of 1940-nm light through a PFCL (Okta-
line perfluoro-octane liquid; Bausch and Lomb) and
showed that, whereas water allowed 1.1 � 0.9% trans-
mission, PFCL allowed 87% transmission of the 1940-nm
laser. We then created a GRT model by placing a 6 � 12-
mm strip of porcine retina inside a well (Supplemental Fig
S4A) to hold the tissue block vertically, after which a
microfiber was glued to the retinal surface (as per the
previous testing). When compared with an untreated
upper retinal edge, RTF either in air or with the laser
probe and retinal block submerged both produced
significant increases in adhesion force (Supplemental Fig
S4B; P ¼ 0.04, 1-way ANOVA). No difference was
found between the 2 approaches in terms of resultant force
(P ¼ 0.42, post hoc test).

Longer-term Surgery Outcome of RTF Repair in
a Rabbit Model

Initially, we used the 1470-nm laser for drying followed by
the standard 532-nm clinical laser for photocoagulation (6
surgeries). The 1940-nm laser subsequently replaced the
1470-nm laser for drying, and then the procedure was
refined further to using the same laser at 1940 nm for both
tissue photodehydration and coagulation in the final surgical
protocol. Animals were monitored for at least 2 weeks after
surgery, at which point fundus photographs were used to
assess whether the retina remained intact before enucleating
the eye for histologic processing and further confirmation.
Figure 7B summarizes uncomplicated, completed surgeries
for the different surgical approaches. For 1470-nm laser
photodehydration followed by 532-nm laser photocoagula-
tion, 4 retinal repairs remained attached; however, in 2
surgeries, retinae were detached at the end point. For RTF
surgery using the 1940-nm laser for photodehydration fol-
lowed by coagulation using 532-nm or 1940-nm lasers,
repair was successful in all cases at the end point, as
determined by fundus imaging and histologic analysis (Fig 8
is representative of 2 surgeries, with remaining histologic
findings in Supplemental Fig S3). Hematoxylineeosin
staining of the tissue showed an obvious loss of the retinal
architecture and therefore thinning at the RTF repair site
because of the thermal effect of the 1940-nm laser and,
importantly, fusion of the retina to the RPE and choroid, as
indicated by the lack of SRS (colored arrows), unlike the
nondehydrated retina region adjacent to the site of repair. At
the edge of the RTF repair site where no surgery was per-
formed, a transition to normal retina was seen whereby
retinal layers were easily distinguished. Supplemental
Figure 5 suggests that this transition zone is < 1 mm.
Retinal thickness measurements showed no significant
differences in retinal thickness for any region away from
the repair edge, suggesting that gross retinal structure
largely was unaffected.
Discussion

Sealing all retinal tears is the essential surgical step to treat a
rhegmatogenous retinal detachment. Since Gonin developed
the ignipuncture method using a thermal injury to both the
retina and the adjacent RPE and choroid,2e4 it has not been
possible to cure detachments during surgery reliably without
some form of support holding both injured layers together
while the wound-healing process occurs. A method that is
independent of a wound-healing response to create an im-
mediate seal that is independent of the tear location would
eliminate the need to support the retina with a tamponade
agent, either as gas or liquid, thus restoring vision quickly,
enabling earlier return to normal activities, including air
9



Figure 8. A, B, In vivo retinal thermofusion (RTF) repair in the rabbit model in 2 representative eyes. Ai, Bi, In vivo fundus image of the retinal tear 2
weeks after RTF repair using 1940-nm photodehydration followed by 1940-nm photocoagulation. The pigmentary reaction around the edge of the retinal
tear was evident.Aii, Bii, Photographs of postmortem eyes with the anterior segment removed showing intact retina and attached retina tear margin (arrow).
Aiii, Biii, Photograph showing eyecup with relaxing cuts before processing for histologic analysis, with the attached retinal tear (arrow). Aiv, Biv, Pho-
tomicrographs showing cross sections (original magnification, �2) through the retinal tear, with the edges of the tear indicated by the red and green arrows
(stain, hematoxylineeosin). Scale bar ¼ 200 mm. Avevii, Bvevii, Photomicrographs showing repaired tear margin (red and green arrows) and a region
within the entire area free of overlying retina (stain, hematoxylineeosin; original magnification, �10). Black arrow region between repair edges ¼ red and
green arrows RTF repair site edge. Scale bar ¼ 50 mm.
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travel, much earlier, with potentially better quality of vision.
After the SRS is isolated during surgery, the vitreous cavity
can be refilled with BSS29 at the end of the retinopexy,
allowing the physiologic mechanisms of SRF removal30

for retinal reattachment to occur in a similar manner to
pneumatic retinopexy. This should offer similar potential
benefits to pneumatic retinopexy when compared with
vitrectomy: a lower risk of retinal displacement,31e34

retinal folds,35,36 and disruption to the outer retina as
evidence by discontinuity of the ellipsoid zone and
external limiting membrane, as seen with OCT.16,37

Consistent with a previous study,18 we showed
histologically that RTF can bond the retina and
underlying RPE and choroid instantaneously in a rabbit
retinal detachment model (Fig 8), producing immediate
and strong adhesion of the retina to the underlying RPE
and choroid. Functional demonstrations of immediate and
strong adhesion also were made using ex vivo porcine
tissue (Fig 4) and human tissue (Fig 6), as well as
in vivo in rabbit eyes (Fig 7A). Moreover, we were able
10
to show enduring adhesion throughout a 2-week
follow-up period using the in vivo rabbit retinal detach-
ment model.

The key clinical finding is that a short preliminary step of
SRS dehydration at the retinal tear margin allows both tissues
to be in contact at the time of coagulation, resulting in fusion
of the retina to underlying RPE and choroid and creating an
immediate and strong adhesion. Furthermore, we showed that
RTF can be achieved by targeting energy absorption peaks at
1470 nm or 1940 nm to agitate and release water molecules in
situ from the liquid phase to vapor. When coupled with low
airflow (10e20 ml/minute), this approach was effective at
removing SRF, allowing for photocoagulation to produce an
immediate adhesion between the retina and underlying RPE
and choroid. The addition of low airflow at room temperature
increased the speed of dehydration while avoiding excessive
drying of adjacent retinal areas associated with adiabatic
expansion of high speed (50e70 ml/minute) warm air and
prevented potential elevation of intraocular temperature that
can enhance retinal damage.38
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Retinal Attachment Force Determination

To test the efficiency of a variety of dehydration methods,
we developed an ex vivo full-thickness retinaeRPEe
choroidesclera model broadly based on the method of
Yoon and Marmor7 and of Zauberman.6 Herein, we
showed that the porcine eye tissue provides a robust
model for human tissue, showing dehydration and
coagulation characteristics, as well as adhesion forces
that are comparable with those of human tissue.

Retinal adhesion to the underlying RPE and choroid was
measured using the same standardized explant preparation
(see “Methods”). We believe this is the first documentation
of retinal adhesion strength immediately after laser photo-
coagulation. Yoon and Marmor7 created a bleb of retinal
detachment, allowed it to reattach spontaneously, and then
treated both the reattached retina and nondetached
(control) retina. They found that the attachment was only
50% of normal at 8 hours, rising to twice normal after 3
days, but they did not measure adhesion immediately after
laser treatment.

Zauberman6 assessed the adhesion strength after
photocoagulation, diathermy, and cryopexy in the cat eye
using a similar methodology to ours but assessed the
adhesion strength between 2 and 96 days after treatment.
They found that the adhesion over the tapetum lucidum
ranged from 15 to 40 mg at day 2, rising to 65 to 155 mg
at day 7, with a maximum of 185 to 365 mg from day 21
onward. No measurements were made immediately after
the treatment.

Over the course of 3 minutes of dehydration, the retina
thinned by 20% (Fig 3), with regions nearer the retinal edge
showing the most thinning. The fluid meniscus at the retinal
edge and exposed RPE interface also was monitored and
was noteworthy because the meniscus reformed after the
initial drying passes, presumably as more peripheral SRF
was drawn to the exposed retinal edge. This continued
until the more distal retina also had dehydrated. This
phenomenon also was noted in vivo during the rabbit eye
detachment surgery. Several clinical indicators proved to
be reliable indirect markers of adequate SRS drying:
removal of the fluid meniscus dark band at the retinal
defect edge, thinning of the retinal edge creating a distinct
step down from the adjacent untreated retina, loss of
surface reflectivity (glistening) from the hydrated retina or
RPE surface, and the development of a dull, subtly
stippled sheen as the retinal surface dried. These metrics
were used successfully to judge adequate dehydration
before coagulation.

We showed that the immediate adhesion force achieved
was related to the tissue temperature integral (temperature �
time) achieved using the dehydration phase (Fig 4D), with
drying for longer durations producing stronger immediate
adhesion. We interpret these observations to be the result
of dehydration of glycoproteins located on both retinal
photoreceptors and RPE39,40 cell membranes, thus
reducing their lubrication effect.41 Critically, this increased
adhesion from drying alone could be reversed rapidly with
rehydration and did not create a clinically useful
retinopexy adhesion. We believe that the ready slippage of
the retina during GRT repair or with macula translocation
after macula detachment occurs because the SRF hydrates
glycoproteins and increases their lubricious quality.

In Vivo Rabbit Eye Surgery

In vivo laser photodehydration with coaxial airflow resulted
in more targeted dehydration largely confined to the laser
footprint. This is because the release of water molecules
from the water phase (evaporation) primarily is the result of
the photons energizing the water molecular bonds. The low
rate of airflow (10e20 ml/minute) helped to disperse the
laser-liberated water molecules faster than without any co-
axial flow (Supplemental Fig 2) without the risk of retinal
edge elevation, as can occur with more forceful airflow.
Importantly, no observable retinal surface dehydration was
observed, nor other adverse effects beyond the laser-
exposed area, in distinct contrast to the effect created by
the warm air dehydration method (Supplemental Fig 1A).
We believe this to be because the evaporation effect
primarily is the result of the photic disruption of the
waterewater bonds in the liquid phase, with the airflow
being just enough to disperse the vapor. As with traditional
photocoagulation, slow continuous movements (“painting”)
around the retinal defect margin are performed for 2 to 3
minutes, during which the retinal surface at the defect edge
becomes thinner and the margin appears darker (choroidal
pigment was more visible through the thinner retina) and
develops a matte or slightly speckled appearance to match
the matte appearance of the dried, exposed RPE within the
defect (Supplemental Video 4). Initially, the base of the
retinal defect edge in contact with the RPE showed a
persistent glistening from the fluid meniscus. Even after
the meniscus is minimized, it can reform because residual
SRF is recruited from the surrounding areas until
prevented by sufficient retinal dehydration of the area
surrounding the tear. The clinical judgment of adequate
retinal dehydration before using higher power to achieve
photocoagulation will be a critical skill to acquire.

It is important to recognize that evaporation of the
meniscus was achieved best by aiming the laser or airflow
directly at the meniscus at the RPE and retinal tear edge
because the evaporation effect primarily is the photon
stream. If the meniscus is in shadow, it will be under-
exposed to the photons and not evaporated efficiently.

The laser power output and spot size and the speed of
moving the fiberoptic tip during the dehydration were moni-
tored visually during the dehydration so that no retinal opa-
cification occurred, which would indicate a temperature
elevation toward the coagulation range. The laser beam is
mildly divergent leaving the fiberoptic tip; as such, laser po-
wer density varies with the distance between handpiece tip
and retina, as with a traditional 532-nm or 810-nm laser
fiberoptic delivery. The 1940-nm coaxial probe we developed
delivers sufficient power to coagulate the retina and RPE but
uses water molecules as the chromophore rather than melanin
or hemoglobin. This effect is not dependent on dehydration of
the SRS so that the laser can be useddwith or without the
airflowdto photocoagulate other areas of retina for prophy-
lactic laser or to treat tears in attached retina. However,
11
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because the laser energy is absorbed bywater, thiswavelength
cannot be used to treat the retina when delivered though the
cornea or via an indirect ophthalmoscope, nor via a fiberoptic
in the presence of vitreous.

The RTF method achieves at vitrectomy the effect of
pneumatic retinopexy, obstructing access of liquid vitreous
to the SRS but does so regardless of the tear location (and
presumably the length). As such, it offers the potential to
facilitate macular reattachment as the outer retinal edema is
diminishing36 and to achieve the same potential quality-of-
vision benefits documented in the Pneumatic Retinopexy
versus Vitrectomy for the management of Primary RRD
(PIVOT) trial and reduction of the incidence of outer retinal
folds.35 One of the most important potential benefits of
1940-nm laser-based RTF is the immediate adhesion for-
mation along a GRT before the removal of the PFCL, thus
preventing retinal slippage after PFCL removal and elimi-
nating the need for longer-term tamponade and potential
second surgery.1,42 Allowing the retina to reattach naturally
via RPE pumps may result in better vision outcomes.16,35,36

The laser-based RTF method to encircle a retinal tear
margin with laser is an intuitive manipulation for trained
retinal surgeons. The purpose-built 25-gauge coaxial fiber-
optic with the high transmission of near infrared light by the
12
low-hydroxy fiber ensures that the 1 handpiece can be used for
both photodehydration and photocoagulation, thusminimizing
the exchange of instruments and reducing the surgery time.
Conclusions

The insertion of a short preliminary step of photodehydration
before laser photocoagulation enables formation of a strong
immediate attachment of the retina to the underlying RPE and
choroid in the retinal detachment rabbit model. The creation
of an immediate and stable intraoperative retinopexy seal
should enable retinal detachment repair without tamponade,
regardless of the retinal tear or relaxing retinotomy location,
and should reduce the need significantly for liquid tamponade
and the second procedure for its removal. Should the RTF
technique prove beneficial in a clinical trial, it may be a
significant step forward for the field.
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