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Experimental study
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Abstract

Purpose: To determine experimentally the threshold volt-
age for retinal high-frequency electric welding (HFEW) using
a 25-gauge original unipolar welding probe depending on the
content of the vitreous cavity and justify the results theoreti-
cally by finite element modeling (FEM).

Material and Methods: The experiment involved three
rabbits (6 eyes; two experimental rabbits and one control
rabbit). Retinal HFEW was performed in eyes filled with
perfluorodecalin (PFD) or air in the experimental group and
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intact vitreous body in the control group. FEM was used for
simulating the effects of retinal heating with electric current.

Results: In the experimental study, the threshold voltage

for retinal HFEW was 11 V, 12 V and 12 V in the presence of
the vitreous, PFD and air, respectively. Findings of the FEM
of the electric current flow through the tissue (10.8 V for the
vitreous, 11.5 V for the air and 12 V for PFD) confirmed
the experimental results. Other HFEW settings (current fre-
quency, 66 kHz, current, 0.34; exposure duration, 1 s) were
not changed throughout the experiment. The difference in the
threshold voltage for HFEW of the retina can be explained by
a relatively high conductivity of the vitreous, while PFD and
air are dielectrics.

Conclusion: The threshold voltage for retinal HFEW us-
ing a 25-gauge original unipolar welding probe was 11V, 12
Vand 12 V in the presence of the vitreous, air and PFD in the
vitreous cavity, respectively, which was confirmed by FEM
simulations.

Keywords: retina, high-frequency welding of biological
tissues, retinopexy, welding probe, threshold voltage, finite-
element modeling, perfluorodecalin, air.

Pestome

Mema. Buznauumu 6 ekcnepumenmi nopo2osi napame-
Mpu Hanpyau eieKmpuiHo20 Cmpymy Hpu 3ACmOCY8anHI
sucoxouacmomuoco (66 xly) enexmpossaprosannsa cim-
KI6KU OPULTHATLHUM MOHONONAPHUM 36API0GATLHUM 30H-
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Oom 25-G xanibpy 6 3anexicHocmi 8i0 emicmy 8impeanbHol

NOPOJCHUHU (CKI0NO0iOHe mino, nogimps ma nep@mop-
OeKanin), a maxkosc 0OIpyHmysamu yi napamempu 3a 00-
NOMO2010 KiHYe80-eleMeHMH020 MOOeNIOBAHHS.

Mamepian ma memoou. Tpu xporuxa (6 oueti) 6yau 6u-
KOpUCTAani 8 eKChepuUMeHmi: eKCnepumeHmanbia (2 Kpoauxa,
4 oka) ma koumponvra epynu (1 kponux, 2 oxa). ¥V excnepu-
MeHmanoHin epyni nposoounocst BEBT cimkisku cmpymom 3a
mamnonaou nepgmopoexaninom abo nogimpam. Y xowmp-
onvuitl epyni eukonyeanocs BEBT cimkieku cmpymom 3a Ha-
A6HOCMI CKIION00IOH020 mina. [[isi mamemamuyno2o mooe-
JIOBAHHS €IeKMPOHACPIBAHHS CIMKIBKU GUKOPUCTNOBYBABCSL
Memo0 KiHYesUx eleMenmie.

Pesynemamu. Excnepumenmanvho 3a HAA6HOCMI CKLO-
nodibHo2o mina, nephmopoeKaniny ma cmepuibHO20 NOsi-
mpsi nopoeosa nanpyea BEBT cimxieku cmanosuna 11 B, 12
B ma 12 B ionosiono. Kinyeeo-eremenmmue mooeno8amnHs
NPOMIKAHHA eeKMPUUHO20 CIPYMY RIOMEEpouno excnepu-

Introduction

Rhegmatogenous retinal detachment (RRD) results in
significantly decreased visual acuity and working capacity
if untimely and/or ineffectively treated. RRD incidence is
6.3-17.9 cases per 100000 population, depending on the
reporting sources [1, 2]. One of the issues of RRD repair is
RRD recurrence. The rate of RRD recurrence after success-
ful primary repair varies widely from 6 % to 39.8 % in the
literature [2-4]. A relatively high RRD recurrence rate may
be associated with missed or poorly sealed retinal breaks,
remaining traction, development of proliferative vitreoreti-
nopathy and no long-term tamponade. Another factor pre-
disposing to RRD recurrence is poor retinopexy [5].

Laser retinopexy leads to strong chorioretinal adhe-
sion only in up to 3—4 weeks [5, 6]. This is a substantial
shortcoming of the conventional treatment, given a rela-
tively high incidence of postoperative RRD recurrence
and the need for long-term gas or silicone oil endotam-
ponade while a strong chorioretinal adhesion is formed.
These shortcomings have led to a search for more effec-
tive retinopexy techniques such as high-frequency electric
welding (HFEW). The HFEW technique, developed in the
Filatov Institute of Eye Diseases and Tissue Therapy of the
National Academy of Sciences of Ukraine and the Paton
Electric Welding Institute using a 20-G welding probe and
a special generator, was introduced in vitreoretinal surgery
by Pasyechnikova and Umanets [5, 7, 8]. Later, Saud and
Serhiienko [9] developed a 23-G unipolar welding probe
for suprachoroidal HFEW, showing its effectiveness.

Previous studies demonstrated that electrothermal ad-
hesion (which is the aim and consequence of HFEW) us-
ing a 20-gauge welding probe generated firmer and faster
chorioretinal adhesion than that achieved by laser retino-
pexy [10], which was a pre-requisite for the current study.
Another important point is that electrothermal adhesion al-
lows a surgeon to avoid long-term endotamponade in 30%
of cases [11].

menmanwui oani: 10,8 B onsa cknonoodibnozo mina, 11,5 B
ons nosimps i 12 B onsa nepgpmopoexaniny. Inwi napamempu
(vacmoma cmpymy — 66 kl'y, cuna cmpymy — 0,3 A, excno-
suyiss — 1 ¢) 6yau nocmitinumu. PisHuys nopo2osux nanpye
BEBT obymosnena 6i0HOCHO 8UCOKOIO e1eKMPONpOGIiOHICIIO
CKA0NO0IOH020 MiAa, 8 MO Hac K nep@hmopoexanin ma no-
8impst € Oie1eKMmpuKamu.

Bucnoeku. I[lopocosi 3nauenns nanpyeu BEBT cimkig-
KU Ni0 4ac GUKOPUCTNAHHA OPULIHATBHO2O MOHONONAPHOO
36ap08abHO20 30H0a Kaniopy 25-G cmawnosunu 11 B ona
CcK10n00ibnoeo mina, 12 B onsn nogimpst ma 12 B onsa nepgh-
MOPOEKANIHY, Wo NIOMBEPOUNOCS pe3yTbmamamiu KiHyeeo-
€1eMEHMH020 MOOENI0BAHHSL.

Kniouogi cnosa: cimkiska, 8ucokouacmomue enekmpo3ea-
PIO8aHH5L OION02TYHUX MKAHUH, PEMUHONEKCIsl, 36aPI0GATbHUL
30H0, NOPO208I napamempu Hanpyau cmpymy, KiHyego-eie-
Menmmue MOO0ent08ants, nepOmopoeKanin, cmepuibhe nosi-
mpsi.

Moreover, there is an increasing trend towards mini-
mally invasive interventions with small-caliber instru-
ments in vitreoretinal surgery. Indeed, most current instru-
ments for minimally invasive vitrectomy are 23-, 25- and
sometimes 27-gauge instruments. Therefore, the disad-
vantages of laser retinopexy, a clear trend in vitreoretinal
surgery towards minimal invasiveness and the problem of
recurrent RRD create a need for alternative small-gauge
retinopexy techniques (e.g., HFEW retinopexy). Further-
more, determining the threshold voltage parameters and
justifying them by mathematical modeling are critically
important for enabling controllable electrothermal effects
on retinal structures without damage to the latter during
surgical intervention, considering the physical properties
of the content of the vitreous cavity.

The purpose of this study was (1) to determine ex-
perimentally the threshold voltage parameters for high-
frequency (66 kHz) electric welding of the retina using a
25-gauge original unipolar welding probe depending on
the content of the vitreous cavity (the vitreous, air or per-
fluorodecalin [PFD]) and (2) to justify these parameters
using finite element modeling (FEM).

Material and Methods

Three healthy Chinchilla rabbits (6 eyes; two experi-
mental rabbits and one control rabbit) of 2.5-3.5 kg were
used in the experimental study. Experimental rabbits un-
derwent closed pars plana vitrectomy (PPV) using Accu-
rus 800 CS vitrectomy system (Alcon Laboratories Inc.,
Fort Worth, TX). One port was used for irrigation, and
two other ports were utilized as entry points for the en-
doilluminator and vitreous cutter. After vitrectomy, ster-
ile air was used to fill the vitreous cavity of the right eye,
whereas PFD used to fill the vitreous cavity of the left eye.
Subsequently, HFEW was performed at 66 kHz using the
25-gauge original unipolar welding probe in the presence
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of air endotamponade (two right eyes) or PFD endotam-
ponade (two left eyes). In the control animal, no vitrecto-
my was performed, and HFEW was conducted bilaterally
in the presence of the vitreous.

A modified generator EK-300 M1 and the 25-gauge
unipolar welding probe (developed in collaboration of the
Filatov Institute and the Paton Electric Welding Institute)
were employed for retinal HFEW as described previously
[8, 12]. The welding probe consists of (1) a copper pin that
is insulated with a sheath and placed inside a 25-gauge
metal tube and (2) a 27-gauge gold-sphere electrode at-
tached to the probe end, representing the surface via which
the probe interacts with the retina.

During the experiment, five HFEW burns were applied
beneath the optic disc (placed 0.5-disc diameter apart)
at HFEW voltages of 11 V, 12 V, 13 V and 14 V. Other
HFEW settings (current frequency, 66 kHz; current, 0.3 A;
exposure duration, 1 s) were not changed throughout the
experiment. HFEW-associated macroscopic retinal chang-
es were evaluated ophthalmoscopically. iPhone 12 Pro and
30-D lens were used for taking fundus photographs.

The threshold voltage parameters of high-frequency
(66-kHz) current were considered those that caused cer-
tain ophthalmoscopic retinal changes — ring-shaped reti-
nal graying within the diameter of the probe with no reti-
nal break. Taking into account the optical properties of the
intraocular environment (the vitreous, air and PFD), these
changes, when possible, were confirmed by the optical co-
herence tomography (OCT) that showed minimal retinal
damage (with preserved retinal layer differentiation and
inner retinal edema) and were in agreement with the find-
ings of previous studies using a 20-gauge welding probe
[5]. This study did not aim to assess the efficacy of retino-
pexy, which will be addressed by further research.

As a non-invasive technique for assessing retinal anat-
omy, HFEW spots were evaluated by OCT (REVO FC;
Optopol Technology, Zawiercie, Poland) immediately af-
ter surgery. Specifically, retinal changes were assessed at
HFEW sites created using different voltage parameters.

Mathematical modeling of electrothermal heating of
the retina and surrounding tissues was conducted to justify
the experimental findings. Modeling was performed by
solving the set of partial differential equations for bioheat-
ing transfer and electrical conductivity using the COM-
SOL Multiphysics package. The equations used, boundary
conditions, model geometry and other modeling details
were described previously [13], and the modeling reported
in this study differs only in the diameter of the tip of the
welding probe.

All animal experiments were performed in compliance
with the Law of Ukraine on Protection of Animals from
Cruel Treatment No. 3447-1V dated 21.02.2006 and Euro-
pean Convention for the Protection of Vertebrate Animals
Used for Experimental and Other Scientific Purposes from
the European Treaty Series (Strasbourg, 1986) and ap-
proved by the Bioethics Committee of the Filatov Institute
(protocol No. 3 of September 12, 2024).

Results

In the eyes of the control rabbit, the application of
HFEW spots to the retina at 11 V resulted in local retinal
graying shaped as a ring with a diameter not larger than
that of the probe. Additionally, the application of HFEW
spots to the retina at 12 V or 13 V caused more marked
changes in the form of ring-shaped whitish discoloration
of the retina (these changes were more pronounced at 13 V
than at 12 V). Moreover, the application of HFEW spots to
the retina at 14 V resulted in marked coagulative changes
with retinal whitening shaped as a ring (with a diameter
larger than that of the probe) and a retinal break at the
center of the application site. Figure 1 shows the changes
described above that occurred immediately after applying
HFEW spots to the retina.

In the eyes of experimental rabbits, in the presence of
air tamponade, the application of HFEW spots to the retina
at 11 V resulted in subtle local retinal graying shaped as a
ring with a diameter smaller than that of the welding probe
(about 0.8 diameter of the welding probe). Additionally,
the application of HFEW spots to the retina at 12 V caused
local retinal greying shaped as a ring with a diameter not
larger than that of the probe, and the application of HFEW
spots to the retina at 13 V resulted in more marked changes
(ring-shaped retinal whitening). Moreover, the application
of HFEW spots to the retina at 14 V resulted in marked
retinal coagulation with a diameter about 1.5 times larger
than that of the welding probe, retinal whitening and a reti-
nal break at the center of the application site.

In the presence of PFD tamponade, the application of
HFEW spots to the retina at 11 V resulted in subtle local
retinal graying shaped as a ring with a diameter smaller

Fig. 1. Ophthalmoscopic picture after retinal high-frequency
electric welding (HFEW) in the presence of the vitreous. Note
the effects of 11-V HFEW (bottom row, 1) to 14-V HFEW (top
row, 4). Marked retinal coagulative changes (retinal whiten-
ing) with the formation of retinal breaks at the center of the
application site appear with an increase in HFEW voltage.
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than that of the welding probe (about 0.8 diameter of the
welding probe). Additionally, the application of HFEW
spots to the retina at 12 V or 13 V led to more marked
changes in the form of ring-shaped local retinal whitening
(these changes were more pronounced at 13 V than at 12
V). Moreover, the application of HFEW spots to the retina
at 14 V resulted in marked coagulative changes with reti-
nal whitening shaped as a ring (with a diameter about 1.5
times larger than that of the probe) and a retinal break at
the center of the application site.

OCT of the sites of HFEW application was performed
within an hour after the experiment. It was not possible
to obtain interpretable OCT findings in eyes with PFD or
air tamponade, given the difference in refractive indices
between tamponade agents; therefore, we analyzed OCT
images of the retinal sites of HFEW application only in the
control eyes with intact vitreous.

The retinal sites of HFEW application at 11 V were
characterized by retinal edema (especially, that of the inner
retinal layers), with mildly increased hyperreflectivity and
preserved differentiation of retinal layers (Fig. 2A1 — A2).
Additionally, the retinal sites of HFEW application at 12
V appeared as hyperreflective foci with substantial retinal
changes and retinal layers that could not be differentiated
from each other (Fig. 2B). Moreover, the retinal sites of
HFEW application at 13 V or 14 V were characterized
by marked coagulative changes (intense hyperreflective
foci) with a retinal defect (a retinal break) in the center of
HFEW application (Fig. 2C).

FEM of electrothermal heating of the retina and sur-
rounding tissues was conducted to explain the experimen-
tal findings. The main task of the modeling was to deter-
mine threshold voltages for retinal HFEW depending on
the content of the vitreous cavity. Threshold voltages were
determined taking into account the following consider-
ations. The temperature of the coagulation of retinal pro-
teins (TCOAG ) is about 50°C [14, 15], and HFEW expo-
sure time (t) is 1 s. Therefore, while simulating an increase
in temperature with time at retinal HFEW sites for various
voltages, it is required to determine the threshold volt-
age U, at which the retinal heating temperature reaches
50°C in 1 s after the current has been switched on. Figure

3C shows the increase in temperature with time at retinal
HFEW sites at three voltage values close to U . for air
endotamponade. We can see that the condition of reaching
a temperature (T) of approximately 50°C during 1 s is best
fulfilled at a voltage (U) of 11.5 V, with the increase in
temperature with time substantially different from those at
other voltages that differ by just 0.5 V from 11.5 V. There-
fore, we found that U, = 11.5 V for air endotamponade.
We found threshold voltages for PFD endotamponade
(U,z = 12V; Fig. 3B) and preserved vitreous (U, = 10.8
V; Fig. 3A) in a way similar to that described above. These
results were in fair agreement with the experimental find-
ings. Operating parameters were considered those that can
be set on the control panel of the welding generator, given
that the voltage parameters cannot be set lower than whole
numbers of Volts in the experiment and the parameters de-
termined by FEM were closely similar to those determined

experimentally.

Discussion

Electrosurgery is a rather common technique for fus-
ing biological tissues [16]. As a main distinguishing fea-
ture of this method, high-frequency electrical current
passes through the tissue to achieve its heating, whereas
in electric tissue coagulation, the tissue is heated directly
by the active electrode, with direct heat transfer from the
electrode and tissue coagulation [16]. Previous experi-
ments have demonstrated that HFEW causes the electrical
breakdown of cellular membranes develops without cell
destruction (at an optimal frequency of 66 kHz), leading
to bonding of biological tissues with minimum structural
damage that is induced by electrothermal denaturation of
proteins [17, 18]. Such an effect can be reached when tis-
sue resistance is substantially reduced and tissue tempera-
ture is increased to 50° — 70°C, which is a precondition
for protein denaturation with a minimum structural dam-
age [14, 15]. Moreover, this process is accompanied by the
formation of an adhesive substrate of denatured collagen
and other molecules of the extracellular matrix [5, 10, 19].
Along with the denaturation of proteins in the outer part
of the plasmalemma, it is this substrate that causes fast
chorioretinal adhesion after retinal exposure to HFEW [5,

Fig. 2. Optical coherence tomography photographs of retinal high-frequency electric welding (HFEW) application sites at a
voltage of 11 V (A1 and A2), 12 V (B) and 13 V or 14 V (C). The HFEW application sites at a voltage of 11 V (panel A) are
characterized by retinal edema with mildly increased hyperreflectivity and the preserved structure of retinal layers. The HFEW
application sites at a voltage of 12 V (panel B) and 13 V or 14 V (panel C) resulted in marked coagulative changes (intense
hyperreflective foci) with a retinal break in the center of the site (panel C).
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Fig. 3. Increases in retinal temperature with time during retinal high-frequency electric welding (HFEW) at three different volt-
ages (specified on particular diagrams) with the vitreous (VT; A), perfluorodecalin tamponade (PFD; B) or air tamponade (C),
and the comparative diagram of optimal voltage values for VT, PFD and air. The increases in retinal temperature with time
during retinal HFEW for the three vitreous cavity filling variants were calculated for threshold HFEW voltages.

10, 19]. Immediately after retinal HFEW, the inner retinal
layers at the site of retinal contact with the welding probe
are more damaged than the outer retinal layers, which was
confirmed by previous studies using morphological and
OCT evidence [5], as well as this study. It is likely that
this is the consequence of using this method, resulting in
a higher temperature at the site of retinal contact with the
welding probe than at the site of the outer retina.

Recent advances in vitreoretinal surgery have resulted
in an increased use of minimally invasive small-caliber in-
struments (including 25- and 27-gauge tools) for improved
intraoperative fluidic stability, tissue stability and accuracy
of manipulations [20]. Furthermore, 25-gauge vitrectomy
offers both adequate fluidic/tissue stability and instru-
ment performance/rigidity, which are the most preferrable
characteristics for such surgery, representing the preferred
choice for the majority of cases [20]. However, 27-gauge
instruments might be characterized by longer surgical time
and low instrument rigidity, although these data are incon-
sistent [20, 21]. That is why it is reasonable to shift away
from more invasive 20-G and 23-G instruments in favor
of the development, experimental testing and validation of
small caliber instruments (particularly, 25-G instruments).

Therefore, previous studies have demonstrated that
electrothermal adhesion—assisted HFEW retinopexy (us-
ing a 20-G welding probe) generated firmer and faster
chorioretinal adhesion, which was a pre-requisite for the
current study. However, vitreoretinal surgery is evolving
towards minimally invasive interventions with small cali-
ber instruments. Hence, using small caliber instruments
for electrothermal chorioretinal adhesion in RRD could
improve surgical outcomes, partially due to the advantages
of minimal invasive vitrectomy.

Building on previous studies for the 20-gauge weld-
ing probe, we had to clarify threshold values for HFEW
voltages for the novel 25-gauge original unipolar welding
probe. Previously, we determined the optimal voltage pa-

rameters for HFEW retinopexy during vitrectomy using
the 20-gauge unipolar welding probe in the presence of the
vitreous, PFD tamponade or air tamponade [13]. Optimal
voltage parameters for HFEW retinopexy depended on the
tamponade agent (the vitreous, PFD or air) [13]. Taking
into account that coagulation occurs only at the sites where
the temperature exceeds a critical value, the dynamics of
the thermal effects on the retina during HFEW, depend-
ing on the tamponade agent, can be investigated via math-
ematical modeling that considers only the heat transfer and
tissue heating while the electric current passes through the
tissue.

Taking into account the change-over in the probe di-
ameter, it had been also expected that the probe with the
smaller diameter would require a lower voltage, which
was experimentally demonstrated in rabbit eyes. In the
presence of the vitreous, the threshold voltage for thermo-
electrical adhesion for the 25-G unipolar welding probe
(10.8 V) was substantially lower than that for the 20-G
unipolar welding probe (15.5 V) [13]. The use of high-
er HFEW voltages (close to those optimal for the 20-G
unipolar welding probe) with the 25-G unipolar welding
probe resulted in more severe coagulation changes with
a retinal break in the experimental rabbit eye. This also
confirms the need to determine threshold parameters for
the use of probes of various calibers.

FEM could explain the decrease in threshold HFEW
voltages with a reduction in the caliber of the probe. Fig-
ures 4A and 4B show the distributions of temperatures at
the probe tip for the model of the eye filled with the vitre-
ous for 25-G and 20-G probes, respectively, computed for
threshold voltages U_, . of 10.8 V and 15.5 'V, respectively,
in 1 s after the current has been switched on. For the 25-G
probe, heating to the target temperature was more homo-
geneous and achieved at a lower HFEW voltage. This can
be explained by the fact that a reduction (by about half)
in the caliber and diameter of the probe resulted in a sub-
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stantial (as much as a four times) increase in the current
density in and close to the margins of the probe, with no
change in supply voltage or current. Because the power of
dissipated heat is proportional to the square of current den-
sity, the heat dissipated close to the margins of the probe
(where there is maximum current density) increased more
than elsewhere. Consequently, reaching the operating val-
ues of current density requires applying substantially low-
er threshold voltage at which the current density at the site
of maximum heating for the 25-G probe will be practically
the same than that for the 20-G probe (Figures 4C and 4D).

OCT images of the chorioretinal complex demonstrat-
ed anatomical changes after the exposure to retinal HFEW
(66 kHz) using the 25-G original unipolar welding probe.
OCT images for the 25-G unipolar welding probe (Fig. 2)
were similar to those for the 20-G original unipolar weld-
ing probe [5, 8]. Optimal changes in the chorioretinal com-
plex occurred after exposure to HFEW at experimentally
and theoretically determined voltage. Such changes were
accompanied by increased retinal reflectivity with the

preservation of retinal layer differentiation, and possible
edema of the inner retinal layers immediately after HFEW
(Fig. 2A). Higher HFEW voltages resulted in marked co-
agulative changes with ultrastructural retinal destruction
and formation of retinal breaks (Figs 2A and 2B).

This experimental study used the 25-G probe and con-
firmed the finding of our previous study [13] using the
20-G probe: the HFEW voltage required to cause coagu-
lative changes without ultrastructural retinal destruction
depends on the tamponade agent. The HFEW threshold
voltage required to cause coagulative changes without
retinal ultrastructural destruction was higher for PFD or
air tamponade than for the vitreous. This finding was ex-
plained using FEM. PFD and air are dielectrics and have
low high-frequency conductivity, whereas the vitreous has
rather high high-frequency conductivity [22]. The model-
ing showed that during retinal HFEW in the presence of
the vitreous, the latter also conducts the electric current
(Fig. 5A) and is heated, which decreases the voltage re-
quired for the same result (anatomical changes and for-

Fig. 4. Temperature distribution (A, B) and current-density distribution (C, D) at the probe tip 1 s after the current has been
switched on for the model of an eye with the preserved vitreous. A and C are related to a 25-G probe at a threshold voltage
(U,,z) of 10.8 V, whereas B and D to a 20-G probe at U, . of 15.5 V.
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Fig. 5. Current-density distribution at the probe tip for the model of an eye with the preserved vitreous at a threshold voltage

(Uy,,e) Of 10.8 V (A) and air at U_,., of 11.5 V/ (B).

mation of the chorioretinal adhesion; U, = 10.8 V). In
PFD or air tamponade, the electric current passes through
the retina only (Fig. 5B) without additional heating occurs;
thus, a higher HFEW voltage is required (12 V and 11.5
V, respectively). Our experimental findings show excellent
agreement with the results of FEM, indicating that the se-
lected model is adequate and can accurately justify values
of the electric current parameters (voltages) for manipula-
tions required.

A limitation of this study was a small sample of ani-
mals. Another limitation was that this was an animal-only
study, which may limit the translation of findings to the
clinical setting. Although the sample of experimental ani-
mals was small, the study purpose was to determine thresh-
old parameters for using a small-caliber welding probe and
experimentally test and validate them, which had been per-
formed previously using a larger-caliber probe [13], with
those previous findings used as a reference for planning and
conducting the current study. An additional limitation was
the absence of OCT visualization of chorioretinal changes
in animal eyes with air or PFD tamponade due to the physi-
cal properties of these substances and difficulties in obtain-
ing interpretable OCT findings. Therefore, this study as-
sumes that, in animal eyes with PFD or air endotamponade,
the structural changes after retinal HFEW corresponded to
those in eyes in the presence of the vitreous based on previ-
ous findings for the larger-caliber (20-G) probe [5, 13]. Our
findings are important for further research of chorioretinal
anatomical changes in rabbits at different time points after
retinal HFEW, taking in account the calculated threshold
voltages. Further research may allow justifying the use of
the 25-G unipolar welding probe in patients with RRD.

Conclusion

In the experimental study, the threshold voltage for
retinal HFEW using the 25-G original unipolar welding
probe was 11 V for the vitreous and 12 V for the air or

PFD tamponade. These findings were based on ophthal-
moscopy (ring-shaped retinal graying within the diameter
of the probe) and OCT images (retinal edema with mildly
increased hyperreflectivity and preserved differentiation of
retinal layers) and were very close to the findings of FEM
for electric heating of the retina (10.8 V for the vitreous,
11.5 V for air tamponade and 12 V for PFD tamponade).
Further research should assess the potential of using
the determined parameters to achieve safe and effective
HFEW retinopexy.
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