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Study of minimally invasive radiofrequency ablation of
the ciliary body for the treatment of glaucoma in rabbits
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Abstract. The aim of the present study was to explore the
safety and effectiveness of radiofrequency ablation (RFA) of
the ciliary body for the treatment of glaucoma. A glaucoma
model was established in New Zealand white rabbits, which
were then treated with RFA of the ciliary body, utilizing
an XL-1-type RF meter developed by the Chinese PLA
General Hospital. After treatment, general ocular investiga-
tion, including ocular pressure was carried out, the anterior
chamber was imaged via ultrasound biomicroscopy, and the
pathological changes were observed via hematoxylin and
eosin (H&E) staining. It was determined that the glaucoma
model was successfully established in the New Zealand
white rabbit by inducing high intraocular pressure (IOP).
After RFA treatment, ablation spots were observed but no
clear anterior chamber reaction was found. The ablation
group showed a steady and continuous decrease of IOP,
which was significantly lower than the model group at days
3 and 7 (P<0.05). A sclera pathway was observed in the abla-
tion site 1-day post-treatment, which had mostly recovered
by day 7. H&E staining demonstrated shedding of the ciliary
epithelium, and an unclear boundary between muscle layer
and blood vessel at day 1. This had fully recovered by day 14,
with clear ciliary layers and well-arranged muscle structures
observed. The present study suggested that treatment with
RFA could decrease IOP without substantial side effects in
the glaucoma model in the rabbit. Therefore, it could be used
as a strategy to control IOP and as a treatment for glaucoma
in the clinic.
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Introduction

Glaucoma is a progressive optic nerve disorder that is char-
acterized by structural changes of the optic nerve head, and
commonly accompanied by the development of visual func-
tional defects (1). The World Health Organization has listed
glaucoma as the second leading cause of irreversible blind-
ness (2). According to World Health Organization statistics,
~6,680 million patients suffer from primary glaucoma and
600 million patients are affected by secondary glaucoma,
resulting in 670 million patients exhibiting blindness (3).
It is estimated by Quigley and Broman (4) that the number
of patients with global primary glaucoma will grow to
7,960 million by the year 2020, while blindness caused by
glaucoma will increase to 1,120 million.

It is widely known that elevated intraocular pressure (IOP)
is the most critical risk factor that leads to optic nerve damage
in glaucoma (5). Therefore, controlling IOP has been suggested
as one of the main strategies to prevent the development of
glaucoma from ocular hypertension, eliminate the progression
of early glaucoma disease and block the occurrence of progres-
sive visual function damage in the clinic (6-8). However,
current clinically employed treatments for reducing IOP are
not ideal. The treatment of glaucoma in clinical settings can
be divided into drug therapy and surgical procedures (9).
There are a wide range of drugs available that reduce IOP, but
constant medication is required due to their limited effects.
Consequently, a number of patients must resort to surgery after
drug treatment (10). Anti-glaucoma surgery can be classified
into two types: Procedures that facilitate the outflow of the
aqueous humor, including aqueous humor shunts, and trabec-
ular, goniotomy and iridotomy surgeries; and procedures that
reduce aqueous humor secretion by destroying cells of the
ciliary body, such as cyclocryotherapy and cyclophotocoagu-
lation (11). However, the former group of procedures is flawed,
due to scarring problems and their limited long-term effects,
while the latter group lacks precise control and can only be
utilized for patients with absolute glaucoma who have already
lost their vision (12-15). Therefore, there is an urgent need to
develop more safe and effective therapeutic approaches for
glaucoma.

Radiofrequency ablation (RFA) is anew, minimally invasive
technique (16). During treatment, microelectrodes are directly
punctured into the focal site, and high-power radiofrequency
energy is delivered inside through the catheter, making the
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local temperature high and resulting in irreversible coagulating
necrosis (17). RFA has a number of advantages: It offers precise
control, it is non-invasive and it demonstrates high effective-
ness. Therefore, it has been applied in various departments,
including cancer, cardiology, otorhinolaryngology, digestion,
orthopedics, obstetrics, stomatology, surgery, physical therapy
and dermatology (18). Currently, conductive keratoplasty has
also been utilized in the clinic for the treatment of presbyopia,
in which the radiofrequency energy is employed to change the
shape of the eye's surface (19,20). The successful application
of conductive keratoplasty indicates that radiofrequency treat-
ment may be safe and effective for ocular diseases.

In the present study, the minimally invasive technique of
radiofrequency catheter ablation was used, guided by ultra-
sound biomicroscopy (UBM), to treat glaucoma. The ciliary
body was specifically targeted and ablated, following which
the production of the aqueous humor was reduced, which
significantly lowered IOP. RFA technology not only controls
IOP precisely, reliably, safely and durably, but it is also simple
and repeatable, with a relatively low cost (21). Thus, it was
hypothesized that minimally invasive RFA may be a highly
desirable treatment procedure for glaucoma, from a social and
economic standpoint.

Materials and methods

Experimental animals. A total of 30 New Zealand rabbits (age,
4-6 months; weight, 2.0-2.5 kg; sex, 16 female and 14 male)
were purchased from the Animal Research Center of the
Chinese PLA General Hospital. Eye disease was excluded
before research. All rabbits were allowed free access to food
and water, and lived in an environment with 12-h light/dark
cycles, a temperature of 25°C and ~50% humidity. Animals
were randomly divided into 3 groups: The model group (n=10),
in which the drug was injected into the anterior chamber to
induce glaucoma, but no treatment was applied; the RFA
group (n=10), where rabbits were treated with RFA after the
induction of glaucoma; and the sham group (n=10), in which
saline instead of the drug was injected into the anterior
chamber. All protocols were conducted in accordance with the
National Institutes of Health Guidelines for the Care and Use
of Laboratory Animals (22) and approved by the Institutional
Animal Care and Use Committee of the Chinese PLA General
Hospital.

Establishment of the glaucoma model in rabbits. Glaucoma
was induced by injection of carbomer and dexamethasone
solution. Rabbits were anesthetized after intravenous adminis-
tration of sumianxin (0.1 ml/kg; consists of dihydroetorphine
hydrochloride, dimethylaniline thiazole, ethylenediam-inetet-
raacetic acid and haloperidol) (23) and topical application of
0.5% dicaine (24). Firstly, the corneal limbus of the paranasal
side was punctured with a 1-ml syringe needle to form a
pinhole. Then, 1 ml of aqueous humor was extracted from the
corneal limbus on the temporal side, followed by an injection
of 0.2 ml of carbomer solution containing 0.3% carbomer and
0.025% dexamethasone (Sigma-Aldrich; Merck KGaA). After
24 h, IOP was checked and a value of IOP >22 mmHg was
used to determine the successful establishment of the glau-
coma model (success ratio was 85% in the present study).
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RFA treatment for glaucoma. RFA surgery was performed
based on an XL-1-type RF exposure system developed by
the Chinese PLA General Hospital (with independent intel-
lectual property rights), which can produce ~300-500-pym
wide, 1-1.5-mm deep tissue ablation. After local anesthesia
(0.5% dicaine, one drop) (24) combined with general anes-
thesia (sumianxin mixture, 0.1 ml/kg) (23), 5 model eyes were
randomly selected, and the sclera was punctured at 1.5 mm
from the corneal margin with a depth of 1 mm. This was
exposed to a probe that generated a 500-KHz radiofrequency
field at specific absorption rate of 0.5-0.8 W/kg. Output power
was set at 0.6-1.0 W, duration was 1-2 sec and the number of
ablation sites was 8.

IOP measurement. Under local anesthesia, IOP was measured
before and on days 1, 3 and 7 post-RFA with a Schiotz tonom-
eter (Rudolf Riester GmbH). Scalp acupuncture connected to
the Schiotz tonometer was inserted into the anterior chamber
through the margin between the sclera and the cornea. After
5 min of stabilization, the value was read three times and the
average value was calculated. The value obtained before abla-
tion surgery was considered as the basal level of IOP.

Investigation of changes to the eyeball and anterior segments
with UBM and slit lamp. Investigation with the slit lamp was
carried out before surgery and on days 1, 3 and 7 post-surgery.
Before investigation, rabbits were anesthetized with 3.5%
sodium phenobarbital (35 mg/kg) (25). After the corneal reflex
and corneal touch reflection disappeared, the transparency of
the cornea, shades of the anterior chamber, the oscillation or
opacity of the aqueous humor, and damages to the iris and
lens were checked. Subsequently, our self-designed lens-water
bath transformation system (patent no. ZL.201420207350.0)
was utilized to investigate the rabbit eyes with UBM for the
purpose of assessing the influence of ablation on the ciliary
body. During the UBM test, 0.2 ml 0.1% (w/v) hyaluronic acid
sodium drops were administered to the junctival sac with the
external optic cup utilized.

Histopathological assay after RFA.On 1,3,7 and 14 days after
RFA, 2 rabbits on each day were anesthetized with an intrave-
nous injection of 3.5% sodium phenobarbital (35 mg/kg) and
sacrificed by ear vein air embolism (10-20 ml air). Following
this, the eyeball was removed and 0.1 ml 4% formaldehyde
was injected into the vitreous body through the site of the optic
nerve. The eye was then soaked in 4% formaldehyde at 25°C
for 24 h. The cornea, lens and posterior segment were removed
from the fixed eyes. Then, the ciliary body and the sclera were
collected, embedded in paraffin and cut into 5-ym sections.
They were stained with hematoxylin for 5 min and eosin for
3 min, respectively, to observe the pathological changes in the
retinal ganglion cells using light microscopy (magnification,
x400).

Statistical analysis. SPSS 17.0 software (SPSS, Inc.) was used
for data analysis. Results of IOP were expressed as mean + SD.
Comparisons of IOP among three groups were performed
using one-way ANOVA, followed by LSD post hoc test for
multiple comparisons. P<0.05 was considered to be statisti-
cally significant.
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Figure 1. Melting spot investigation of the ciliary body in glaucoma model rabbits. Melting spots were observed at (A) 1, (B) 3, (C) 7 and (D) 14 days after

radiofrequency ablation.

Results

General observation after RFA. After radiofrequency catheter
ablation of the ciliary body, the eyes were examined with
UBM and a slit lamp. A melting spot was observed (Fig. 1),
but no puncture point penetrating the ciliary body into the eye
was shown in the UBM check. Slit-lamp examination results
showed no significant anterior chamber reaction.

Changes in IOP after RFA. In comparison with the sham
group, rabbits of the glaucoma model showed ~2.5x higher
IOP (~33 mmHg). At 1 day after RFA of the ciliary body, IOP
was still higher than in the sham group (~15%), but 3 days
post-RFA, IOP was decreased by ~40%, and significantly
lower than the model group (P=0.047). At day 7, IOP of the
RFA group continued to decrease (~25%), although it was not
completely restored to the level of the sham group. However,
it was significantly lower compared with the model group
(P=3.64x10"*; Fig. 2).

UBM investigation of anterior segment after RFA. Stable
UBM images were obtained by utilizing the objective-bath
conversion device coupled with UBM that we developed.
Based on this method, the changes of the anterior segments at
different time points after ablation were investigated. Fig. 3A
shows the anterior segments of the sham group, in which the
corneal, anterior chamber angle, iris and the ciliary body could
be seen clearly. Fig. 3B-D are days 1, 3 and 7 post-ablation,
respectively. At 1 day post-RFA, a straight RFA pathway
was displayed in the ciliary body, damages within the ciliary

~ RFA group
504

= Sham group —~ Model group

IPO (mmHg)

2 0 2 4 6 8
Time (days)

Figure 2. Changes in IOP in the RFA, sham and model groups at 1, 3 and
7 days post-RFA of the ciliary body in glaucoma model rabbits. "P<0.05
vs. sham group; “P<0.05 vs. model group. IOP, intraocular pressure; RFA,
radiofrequency ablation.

body can be seen, but no penetration of the ciliary body was
observed (Fig. 3B). At day 3, ablation-caused damage had
decreased, peripheral damage was repaired and the ablation
pathway showed a rounded rectangular shape (Fig. 3C). At
day 7 post-RFA, the area of damages continued to shrink,
displaying an oval shape (Fig. 3D).

H&E staining and pathological changes after RFA. At 1,3,7
and 14 days post-RFA of the ciliary body, pathological changes
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Figure 3. Ultrasound biomicroscopy investigation of the anterior segment after RFA. (A) Anterior segment of the sham group. (B) 1, (C) 3 and (D) 7 days
post-RFA. RFA, radiofrequency ablation. Red dotted lines signify the channel of radiofrequency ablation probe into ciliary body at different time points.

Figure 4. Hematoxylin and eosin staining and pathological changes after RFA of the ciliary body in rabbits. Images shown at (A) 1, (B) 3, (C) 7 and (D) 14 days
post-RFA. RFA, radiofrequency ablation. The white arrows show the channel of radiofrequency ablation probe into ciliary body at different time points.

Magnification, x100.

were assessed in H&E stained slices with a light microscope.
The sham group displayed a normal chamber angle, the muscle
layers of the ciliary body were arranged densely and regularly,
and the epithelium was intact (Fig. 4A). At day 1 post-RFA,
the sclera fiber was fractured at the site of the ablation pathway
and the endothelium of the ciliary body had become disor-
dered, but the ciliary body was not penetrated (Fig. 4B). At
7 days post-RFA, the layer boundaries of the ciliary body had
become clear, muscle layer fibers on the ablation pathway were
arranged loosely and the scar had healed (Fig. 4C). At 14 days
post-RFA, the scleral ablation pathway had almost healed,

with only a few cells infiltrated, the ciliary body had healed
and the epithelium was integrated (Fig. 4D).

Discussion

RFA was first introduced by Harvey Cushing and WT Bovie
for the clinical treatment of neurological diseases, followed by
Huang in 1987 (26) who applied it in the treatment of arrhythmia
disease (27). In the 21st century, RFA technologies began to be
widely utilized in minimally invasive surgery for the treatment
of various diseases (18). Based on the characteristics of glaucoma
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Figure 5. Proposed radiofrequency ablation of the ciliary body using our
self-designed ciliary ablation handle.

and the structure of eyes, the aim of the present study was to find
out whether RFA technology could also be applicable in the treat-
ment of glaucoma, which has not been reported previously. In the
current study, a New Zealand white rabbit model of glaucoma
was used to examine the potential of RFA of the ciliary body
for the treatment of glaucoma. As expected, the results of the
present study showed that region-specific ablation of the ciliary
body could reduce the production of aqueous humor, which is the
cause of increased ocular pressure, and gradually restore IOP to
anormal level over a long period of time.

Radiofrequency (RF) techniques have been used to heat
biological tissues for a number of years. Laser ablation (LA) is
also a thermal ablation technique (28). However, their heating
mechanisms are different. In RFA, resistive heating is gener-
ated by the agitation of ions, due to the alternating directions
of the electric field, while in LA, hyperthermia is produced by
increased light absorption and heat conduction (29). To achieve
a reduction in IOP, the output power required is 1.5-2 W for
1.5-2 sec, and the temperature of the tissue is set between 70°C
and 110°C in LA (30), which seem to be higher than those used
for RFA in the present study (output power, 0.6 W; duration,
0.6 sec; temperature, 55-75°C). Thus, LA surgery could induce
an inflammatory reaction and lead to several related complica-
tions, such as cystoid macular edema, hyphema and persistent
hypotony (31). In addition, RFA is completed by moving the
electrode under the guide of UBM and thereby precisely
acting on the target lesion regions (32), and thermometers can
be incorporated into the tips of the electrodes that allow for
the continuous monitoring of tissue temperatures (33). These
both prevent underlying damage to the adjacent structures.
Furthermore, the fiber used in the LA may be difficult to place
into the target sites, so the treatment efficiency and safety may
be lower than RFA. Therefore, RFA may be more suitable for
the treatment of glaucoma.

The technique of minimally invasive RFA demonstrated
here has a high potential for application in the clinical treat-
ment of glaucoma (34,35). First of all, the rabbit's eye has the
power to proliferate and self-repair (36), while its size is compa-
rable to the human eye. The body size of the rabbit is small,
which facilitates the use of the slit lamp microscope. These
advantages make the rabbit model of glaucoma more suited
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to study common clinical issues than other animal models,
and consequently it is widely used for the preclinical study of
glaucoma (37). This is the reason that the ocular hypertension
model in rabbits was chosen for the present study. Secondly,
invasive RFA technology can not only control IOP precisely,
reliably, safely and durably, but it is also easy to operate, it is a
repeatable therapy, and it is relatively less expensive, resulting
in a high socio-economic value.

Since standard wands were used, some scleral damage
occurred after ablation. This damage could be seen in the
images obtained using ultrasound biomicroscopy, UBM
anterior segment imaging and pathological imaging. To this
end, a new type of RF wand was designed for ablation of the
ciliary body (patent pending). This new wand is loaded with a
specially designed insulating sheath that can more effectively
protect the tissue around the sclera puncture track, making
ablation more restricted to the needle tip of the wand or handle
and thus, the ciliary processes (Fig. 5).

However, there are some limitations to the present study.
Firstly, this was only an animal model study and further clin-
ical studies with short or long-term follow up are also needed
to confirm the effectiveness and safety of RFA. Risks may
include cataract development, cognitive effects and possible
carcinogenic effects due to the frequency used, which is
within the range of 30 kHz to 300 GHz. Secondly, a direct
comparison between RFA and LA for glaucoma is lacking.

The results of the present study indicated that XL-1
meter-based RFA of the ciliary body for controlling ocular
pressure in patients with glaucoma is mostly safe and effective,
showing only a few anterior chamber reactions and almost no
influence on intraocular structures. In further studies, the new
handle for the ciliary body ablation, the dose-effect relation-
ship of the ciliary body ablation in the treatment of glaucoma
and the application of RFA of the ciliary body for treatment
of absolute glaucoma in clinical settings will be investigated.
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