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Abstract—Several physical methods can be used to coagulate the ciliary body and decrease intra-ocular pressure
in patients with glaucoma. The study described here investigated the short- and long-term effects of high-intensity
focused ultrasound (HIFU) cyclocoagulation on the aqueous humor production structures and outflow pathways.
Thirty-four rabbit eyes were sonicated with a ring-shaped probe containing six miniaturized HIFU transducers.
Light, scanning electron and transmission electron microscopy and corrosion casts were performed. In the
affected regions, the epithelium of the ciliary processes was degenerated or necrotic and sloughed off. Examina-
tions performed several months afterward revealed involution of the ciliary processes. Vascular corrosion cast
revealed focal interruption of the ciliary body microvasculature. In most animals, a sustained fluid space was
seen between the sclera, the ciliary body and the choroid, likely indicating an increase in the aqueous outflow
by the uveoscleral pathway. These results suggest that HIFU cyclocoagulation has a dual effect on aqueous humor
dynamics. (E-mail: faptel@chu-grenoble.fr) � 2014 World Federation for Ultrasound in Medicine & Biology.

Key Words: High-intensity focused ultrasound, Ciliary body, Aqueous outflow, Glaucoma, Histopathology,
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INTRODUCTION

Many methods and energy sources for destroying ciliary
processes that result in coagulation necrosis of the ciliary
body after heating (laser, microwave) or freezing (cryo-
therapy) have been investigated (Al-Ghamdi et al.
1993; De Roetth 1965; Hamard et al. 1997; Kosoko
et al. 1996; Maus and Katz 1990; Sabri and Vernon
1999; Uram 1992; Vernon et al. 2006). All these
methods have two major drawbacks that limit their
clinical use. First, they are non-selective of the organ to
be treated, often resulting in damage to adjacent struc-
tures and ocular inflammation. Laser energy is absorbed
mainly by pigmented tissues and, therefore, can also
damage the iris and the choroid. Cryotherapy and cyclo-
diathermy also result in a large area of treatment with un-
predictable dimensions. Second, these methods have an

unpredictable dose–effect relationship, which prevents
accurate prediction of the treatment effect. Published
studies report a 6% to 64.3% risk of visual acuity
decrease, 0.5% to 37.5% risk of ocular phthisis, 12.4%
to 27% risk of chronic inflammation, 2% to 6% risk of
corneal dystrophy, 10% to 35% risk of cataract formation
and 12.9% to 80% risk of failure 1 y after the procedure
(Al-Ghamdi et al. 1993; De Roetth 1965; Hamard et al.
1997; Kosoko et al. 1996; Maus and Katz 1990; Sabri
and Vernon 1999; Uram 1992; Vernon et al. 2006).

To overcome the drawbacks of current and past
methods of cyclodestruction, and taking advantage of
recent breakthroughs in the field of high-intensity focused
ultrasound (HIFU) technology, a new device was recently
developed with the aim of achieving selective and precise
destruction of the ciliary body and sparing the adjacent
ocular structures (Aptel and Lafon 2012; Aptel et al.
2010, 2011; Charrel et al. 2011). In the first animal
study designed to evaluate the feasibility and safety of
the method, we treated rabbits using this device and
then performed histologic examinations of the anterior
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segment focused on the ciliary body and ciliary processes
(Aptel et al. 2010). We observed selective and circumfer-
entially distributed coagulation necrosis of the ciliary
processes and ciliary body. The bilayered epithelium
was degenerated or necrotic and sloughed off in the distal
parts of the most affected areas. The sclera from all
treated areas appeared normal with no signs of thinning
or necrosis. We therefore hypothesized that the decrease
in intra-ocular pressure (IOP) after ultrasound cyclocoa-
gulation is due mainly to a reduction in aqueous humor
production by the ciliary body. Clinical studies were
then started in patients with refractory glaucoma (Aptel
et al. 2011; Aptel and Lafon 2012), with ultrasound
biomicroscopy examinations of the treated eyes before
and after treatment. In the pilot human study, cystic
involution of the ciliary body was observed in 9 of the
12 eyes, with multiple hypo-echoic ovoid cystic cavities.
Hyporeflective suprachoroidal fluid space was observed
in 8 of the 12 eyes. Patients with hypo-reflective supra-
choroidal space had significantly lower IOP than those
without visible suprachoroidal space. We supposed that
this may indicate increased uveoscleral outflow through
the supraciliary and suprachoroidal space.

Many mechanisms have been advanced to explain
IOP reduction after cyclodestruction or cyclophotocoagu-
lation in previously published studies, including destruc-
tion of the pigmented and non-pigmented epithelium
resulting in reduced aqueous production, vascular deple-
tion of the ciliary body, ciliary body inflammation,
enhanced uveoscleral outflow caused by changes in the
ciliary body stroma and damage to the pars plana (Aptel
and Lafon 2012; Blasini et al. 1990; Ferry et al. 1995;
Liu et al. 1994; Schubert and Federman 1989). The
present study was therefore conceived to qualitatively
investigate by histologic studies the possible short- and
long-term effects of high-intensity focused ultrasound cy-

clocoagulation on the aqueous humor production struc-
tures and aqueous outflow pathways.

METHODS

High-intensity focused ultrasound device, procedures
and follow-up

The HIFU device was previously described in detail
(Aptel et al. 2010; Charrel et al. 2011). A coupling cone
made of polymer was placed in direct contact with the
eye, which allowed good placement of the transducers
in terms of centering and distance. At the base of the
coupling cone, a suction ring allowed the application of
a low-level vacuum and enabled the cone tomaintain con-
tact with the eye. A 30-mm-diameter, 15-mm-high ring
containing six active piezoelectric elements was inserted
in the upper part of the coupling cone (Fig. 1). The cavity
created between the eye, the cone and the probe (5 mL)
was filled through the central aperture of the device
with room temperature saline solution. Each of the six
transducers was a segment of a 10.2-mm-radius cylinder
with a 4.5-mm width and a 7-mm length. The focal vol-
ume of each transducer had approximately an elliptic cyl-
inder shape. The six transducers were placed at regular
intervals on the upper and inferior circumference of the
ring, avoiding the nasal and temporal meridians, and
were oriented to create a focal zone consisting of six regu-
larly distributed elliptical cylinder-shaped volumes. The
six elliptical cylinder-shaped volumes were centered on
a 12-mm-diameter circle, adapted to the anatomy of the
rabbit ciliary body. The transducers were operated at
the frequency of 21 MHz. The ring was connected to a
control module, which allowed each sector to be sequen-
tially activated according to a program defined by the
operator.

Fig. 1. Schematic cross section of the device and the coupling cone. HIFU 5 high-intensity focused ultrasound.
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Twenty-one female adult New Zealand White rab-
bits (Charles River Laboratories, l’Arbresle, France)
were treated. This study was approved by the Institut
Claude Bourgelat institutional review board and ethics
committee (Vetagro-Sup, Marcy l’Etoile, France), and
was conducted in accordance with the requirements of
EU Directive 2010/63/EU for animal experiments. The
rabbits were anesthetized with ketamine hydrochloride
(40 mg/kg intramuscular Ketamine 1000, Virbac, Carros,
France) and xylazine (5 mg/kg, Bayer Sant�e, Loos,
France). Drops of tetracaine (Faure, Annonay, France)
were applied to the surface of the eye. The coupling
cone was applied so that the truncated side was in contact
with the peripheral cornea at the limbus. The active ring
with the six piezoelectric elements was placed on the
cone. Once the ring was placed on the cone, 5 mL of sa-
line solution was used to fill the device until the fluid level
reached the upper ring aperture, acting as coupling fluid
and cooling the transducers. Before each treatment, the
type of shot was configured on the control module. The
parameters set were number of sectors to be activated,
duration of shots and periods between shots and acoustic
power. The following parameters were used: number of
sectors activated, 6; acoustic power, 2.45 W; duration
of each of the six shots, 8 s; time between each shot,
10 s. Thirty-four eyes from 21 rabbits were treated; 8
eyes from 21 rabbits were used as controls (for each of
these 8 rabbits, one eye was treated and one eye was
used as the control).

Intra-ocular pressure was measured bilaterally on
day 0 before treatment and after treatment at days 5,
10, 20, 30, 60, 90, 120, 150 and 180 using a portable
tonometer (Tono-pen XL, Reichert, Depew, NY, USA).
The rabbits were anesthetized for IOP measurements
with the same procedures described above. The measure-
ments were taken at least 5 min after the induction of gen-
eral anesthesia and under the same conditions at all time
points. Ten series of measurements were taken by one
operator. If the standard deviation for one series (indi-
cated by the tonometer) was .5%, the measurements

were repeated until a standard deviation #5% was ob-
tained for each series. On day 5, the lids and the anterior
segment were examined with a portable slit-lamp bio-
microscope (Model SL-15, Kowa, Nagoya, Japan) and
the fundus with a lens (MINI3000, Heine, Herrsching,
Germany) after pupil dilation with 1% tropicamide
(MSD-Chibret, Paris, France). Rabbits were euthanized
with a lethal injection of intracardiac barbiturate (Dole-
thal, Vetoquinol, Lure, France) at different times after
treatment: 2 h and 5, 21, 30 and 180 d.

Histologic analyses

Light microscopy. After fixation in a formol solution
(at least 48 h), the eyes were dehydrated in alcohol solu-
tions of increasing concentration, cleared in methylcyclo-
hexane and embedded in paraffin (Automate ASP 300,
Leica Microsystems, Wetzlar, Germany). They were
sectioned coronally in two parts (one rostral, one caudal).
The rostral portion was further sectioned in the coronal
plane encompassing the ciliary processes. At least 30

Table 1. IOP at baseline and during follow-up in treated and control eyes

IOP of treated eyes
p (paired t-test,

comparison to day 0 value) IOP of control eyes
p (paired t-test,

comparison to day 0 value)

Day 0 (before treatment) 10.4 6 1.5 (n 5 34) NA 10.2 6 1.6 (n 5 8) NA
Day 5 6.9 6 1.4 (n 5 34) ,0.0001 9.9 6 1.3 (n 5 8) 0.69
Day 10 7.2 6 2 (n 5 28) ,0.0001 10 6 2.2 (n 5 5) 0.82
Day 20 7.1 6 1.7 (n 5 28) ,0.0001 10.7 6 1.1 (n 5 5) 0.76
Day 30 7.6 6 1.2 (22) ,0.0001 10.7 6 0.8 (n 5 5) 0.78
Day 60 6.9 6 1 (n 5 18) ,0.0001 9.7 6 1.7 (n 5 5) 0.54
Day 90 7.4 6 1 (n 5 14) ,0.0001 9.6 6 0.9 (n 5 5) 0.58
Day 120 7.5 6 1.2 (n 5 10) ,0.0001 9.8 6 0.9 (n 5 5) 0.64
Day 150 7.0 6 1.1 (n 5 10) ,0.0001 10.0 6 1.1 (n 5 5) 0.80
Day 180 7.3 6 0.9 (n 5 10) ,0.0001 10.2 6 0.9 (n 5 5) 0.85

IOP 5 intra-ocular pressure.

Fig. 2. Micrograph of an entire lesion at week 3, with coagula-
tion necrosis, loss of the bilayered epithelium and distension of

the stromal collagen fibers (340).
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serial sections (10 mm thick, every 100 mm) through the
ciliary bodies were cut on a microtome (RM 2245, Leica
Microsystems) and then stained with hematoxylin and
eosin. Additional sections were performed when neces-
sary to cut throughout the ciliary body. More anteriorly,
radial sections of the trabecular meshwork were per-
formed using the same microtome (10 mm thick, every
100 mm). The caudal portion of the eyes was further cut
in a parasagittal plane to delimit a slice encompassing
the optic nerve. Then, 15 sections (10 mm thick, every
300 mm) were performed and stained with hematoxylin
and eosin at the level of the optic papilla. The sections
were analyzed by light microscopy (Optika B-500Ti mi-
croscope fitted with 43, 103 and 403 objectives and
103 eyepiece, Optika SRL, Bergamo, Italy).

Scanning electron microscopy. Eyes were sectioned
coronally in two parts (one rostral, one caudal). The
rostral portion was further sectioned in the coronal plane
just behind the ciliary processes. The lens was detached
during sectioning and then removed. The tissues were
fixed in 4% glutaraldehyde and 0.2 M cacodylate buffer
mixture 1:1 (pH 7.40), then washed in 0.4 M saccharose
and 0.2 M cacodylate buffer (pH 7.40) 1:1. After several
buffer solution rinses, the tissues were post-fixed in 2%
osmium tetroxide and 0.3 M cacodylate buffer 1:1 and
dehydrated in alcohol with graded concentrations before
desiccation in hexamethyldisilazane. Samples were then
introduced into the chamber of a sputter coater and coated
with a very thin film (15 nm) of gold–palladium before
examination by scanning electron microscopy (SEM)
(S800 FEG, Hitachi, Tokyo, Japan).

Transmission electron microscopy. Eyes were
sectioned coronally in two parts (one rostral, one caudal).
The rostral portion was further sectioned in the coronal
plane just behind the ciliary processes. The lens was de-
tached during sectioning and then removed. The tissues

were fixed in 4% glutaraldehyde and 0.2 M cacodylate
buffer 1:1 (pH 7.40), then washed in 0.4 M saccharose
and 0.2 M cacodylate buffer (pH 7.40) 1:1. After several
buffer solution rinses, the tissues were post-fixed in 2%
osmium tetroxide and 0.3M cacodylate buffer 1:1 and de-
hydrated in alcohol with graded concentrations before be-
ing embedded in an epoxy resin. Subsequent ultrathin
sections (70 nm) were obtained using an ultramicrotome
(UC7, Leica, Solms, Germany) and then stained with ura-
nyl acetate and lead citrate solutions and examined with a
transmission electron microscope (CM120, Philips Elec-
tronics, Mahwah, NJ, USA).

Methacrylate resin corrosion casts. For these inves-
tigations, animals were anesthetized using the same pro-
cedures described earlier and then killed by bleeding to
allow complete exsanguination. Each animal was pre-
pared for casting by first isolating the jugular veins for

Fig. 3. High magnification (4003) micrographs of histologic slices revealing details of untreated ciliary processes (a) and
ciliary process coagulation necrosis 5 d (b), 21 d (c) and 6 mo (d) after sonication.

Fig. 4. Micrograph revealing the long-term aspects of treated
ciliary processes and the ciliary body 1 m after sectorial sonicat-
ion (340). Appearance remained unchanged the following

month.
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later transection. A catheter was then introduced into the
carotid trough a midline incision, and the tip advanced to
the level of the heart. Physiologic saline solution was
perfused via the catheter with a syringe until the saline so-
lution emerging from the jugular veins was completely
clear of blood. A plastic mixture consisting of 10 mL of
methyl methacrylate monomer solution catalyzed with
40% benzoyl peroxide in dibutyl phthalate (Mercox II
Resin, Ladd Research, Williston, VT, USA) was manu-
ally injected and continued until resin flowed from the
severed jugular veins. The injection pressure was 90 to
120 mm Hg. Tissues were allowed to rest for 30 min,
and the eyes were enucleated and fixed in 10% formalde-
hyde overnight. Tissues were digested in 33% KOH at
45�C for 90 min. Castings were gently washed with
running tap water and digested a second time to remove
residual tissue. The castings were allowed to air-dry,
and then anterior regions of the eyes were dissected free

and mounted on metal SEM stubs and sputter-coated
with gold–palladium for SEM (S800 FEG, Hitachi).

RESULTS

Intra-ocular pressure reduction and ophthalmic
examinations

No complications occurred during any of the proce-
dures. No significant abnormalities were observed during
treatment. No macroscopic abnormalities of the eyes
were observed after treatment. On post-treatment day 5,
no abnormalities were observed during anterior segment
and fundus examination. No phthisis occurred during the
follow-up.

Values of IOP before and after treatment in the
treated and control eyes are listed in Table 1. In treated
eyes, IOP was significantly reduced after treatment, at
each follow-up time point (p , 0.0001), whereas IOP

Fig. 5. (a) Micrograph of one spatially limited lesion including 12 adjacent ciliary processes, 6 mo after sonication. (b)
Micrograph of control.

Fig. 6. Treated (a left, 603; b, 10003) and untreated (a right, 603; c, 10003) ciliary processes 5 d after sonication.
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was not significantly reduced in control eyes during
follow-up compared with baseline (p . 0.5).

Aqueous humor secretion structures

Light microscopy. From day 5 to week 3, histologic
examinations performed in treated eyes revealed six cir-
cumferentially distributed areas of coagulation necrosis
of the ciliary processes and ciliary body (Figs. 2 and 3).
The six zones corresponded to the location of six
transducers and were about 3 6 0.5 mm wide (8–12
adjacent ciliary processes). The maximum intensity of
coagulation necrosis was observed in the deepest regions
of the ciliary processes, whereas the rostral and caudal
regions were less affected. In the affected regions, the
ciliary processes exhibited acute inflammatory and
necrotic changes ranging from stromal edema (marked
distension of collagen fibers) and vascular congestion

(distension of vascular lumens by erythrocytes) to
coagulation necrosis with loss of surface epithelium and
hemorrhage. The bilayered epithelium was degenerated
or necrotic and sloughed off in the intermediate and
distal parts of the most affected areas. The ciliary stroma
was free of fibroblasts and endothelial cells (Fig. 2). The
inflammatory cellular reaction was very limited, with
very small numbers of macrophages, lymphocytes,
plasma cells, polymorphonuclear cells and giant cells.
When examining the trabecular meshwork of the treated
eyes, we never found any deposits of residues coming
from the ciliary epithelium in the structures of the trabec-
ularmeshwork and never found anymacrophage cells and/
or other inflammatory cells or histologic changes of the
trabecular lamellae.

From month 1 to month 6, histologic examinations
revealed involution of the ciliary processes, with short

Fig. 7. Micrographs reveal differences between the surfaces of untreated (a, 3400) and treated (b, 3500) ciliary pro-
cesses 5 d after sonication.

Fig. 8. Micrographs of the surfaces of treated ciliary processes (a–c, increasing magnification) 6 mo after sonication.
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or absent ciliary processes covered by a non-bilayered
epithelium and composed of dimorphic and likely non-
functional cells (Figs. 3 and 4). The deeper layer was
usually absent. The width of the affected area appeared
unchanged compared with those of the lesions observed
from day 5 to month 1, and were about 3 6 0.5 mm
wide (8–12 adjacent ciliary processes, see Fig. 4).
Because of the involution of the ciliary processes, the
total surface of the neo-formed epithelium was notably
reduced compared with that of controls. We consistently
observed late scleral thinning adjacent to the treated areas

(see Figs. 4 and 12D, 12E). The width of the sclera
thinning areas was similar or slightly lower than the
ciliary coagulation necrosis area width (2.7 6 0.8 mm).
The thickness of the sclera in the thinnest point was
about 626 14% of the thickness of the unaffected sclera.

Scanning electron microscopy. Scanning electron
microscopy of treated eyes revealed lesions spatially
limited to 8–12 adjacent ciliary processes (Fig. 5) for
each area of single ultrasound exposure. In the first week
after sonication, ciliary processes appeared bulky, probably

Fig. 9. Micrographs reveal the differences between epithelia of untreated (a–c) and treated (d–f) ciliary processes 6 mo
after sonication. Note the cleavage between the two layers of the neo-formed epithelium (d–f).
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because of stromal edema. Higher-magnification images
showed a smooth membrane likely corresponding to the
basal membrane without any residual epithelial cells
(Figs. 6 and 7). One month after treatment and later,
scanning electron microscopy revealed involution and
atrophy of the treated ciliary processes (Figs. 5 and 8).
The surface of the latter was partially covered by a
disorganized epithelium composed of dysmorphic and
flattened cells. By contrast, images of the adjacent
untreated areas revealed a normal ciliary epithelium, with
ciliary processes covered by numerous epithelial cells
(Fig. 7). Fibrin depositswere usually very limited or absent.

Transmission electron microscopy. Transmission
electron microscopy of the treated ciliary epithelium per-
formed from month 1 to month 6 after treatment revealed
a dimorphic mono- and/or bilayered epithelium. Epithe-
lial cells appeared thinner and had much fewer apical villi
than the cells of the untreated epithelium (Fig. 9). When
the neo-formed epithelium was bilayered, areas of cleav-
age were frequently seen between the two layers of cells.
The cytoplasm of the non-pigmented cells had few or no
mitochondria, whereas the non-pigmented cells in the un-
treated areas or in the control eyes had several mitochon-
dria. The cytoplasm of the pigmented layer had no or few
pigment granules. The basal membrane of the epithelial
cells was disrupted. Transmission electron microscopy
of the treated ciliary stroma performed from month 1 to
month 6 after treatment revealed some fibroblasts sur-
rounded by the extracellular matrix. Few vessels and
endothelial cells surrounding the vessels were observed.

Methacrylate resin corrosion casts. Light micro-
scopy and scanning electronmicroscopy of vascular corro-

sion casts performed after intravascular injection of
methacrylate resin revealed focal interruption of the ciliary
body and pars planamicrovasculature (Figs. 10, 11).At the
end of the disrupted vessels, the resin had left the vessel
lumen and formed drop-like extravasations. This aspect
was found both the first weeks after treatment and later,
without neovascularization at the margins of the defect
areas. Vascular defects were limited to the treatment areas
and had dimensions comparable to those of lesions
observed with light or scanning electron microscopy
(3 6 0.5 mm wide and 1.2 6 0.7 mm anterior–posterior
length). The 3-D architecture of the microvasculature of
the untreated areas of the ciliary body and ciliary processes
appeared intact. The major and minor arterial iris circles
appeared undamaged. The vascular network of the iris
and iris root was not damaged.

Aqueous outflow pathways

Light microscopy. In treated eyes, histologic exami-
nations performed from day 5 to 1 month revealed several
large fluid spaces between the sclera and the ciliary body,
between the sclera and the choroid and inside the basal
part of the ciliary body. These fluid spaces were observed
next to treated areas, but not next to untreated areas or in
control eyes (Fig. 12). This characteristic was maintained
up to month 6 (see Figs. 12E, 12F), likely indicating that
it is due to tissue retraction or tissue micro-architecture
changes rather than intra-ocular inflammation. The width
of the areas having fluid spaces was similar or slightly
greater than the ciliary body coagulation necrosis area
width (3.4 6 1.1 mm). Residual tissue bridges were
frequently found inside the fluid spaces. As mentioned

Fig. 10. Low-magnification scanning electron microscopy images of vascular corrosion cast performed after intravas-
cular injection of methacrylate resin and after tissue dissolution in an untreated eye (a) and a treated eye (b), revealing

a focal defect of the ciliary body microvasculature.
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earlier, long-term scleral thinning was also observed in
almost all treated eyes, near the sectors treated (see
Fig. 12E).

DISCUSSION AND CONCLUSIONS

We conducted the present study to investigate the
multiple possible short- and long-term effects of high-
intensity focused ultrasound cyclocoagulation on both
the aqueous humor production structures and aqueous
outflow pathways in rabbits.We observedmarked and sus-
tained focal coagulation necrosis of the ciliary processes,
sustained focal interruption of the ciliary body and pars
plana vascularization, the presence of a diffuse and sus-
tained fluid space between the sclera and the choroid
and late scleral thinning adjacent to the areas of treatment.

With respect to aqueous production, a few weeks/
months after sonication, we observed selective coagula-

tion necrosis of the treated ciliary processes, without
damage to the untreated areas. We could hypothesize
that those damages in the bilayered epithelium result in
reduced aqueous production. However, it should be
mentioned that processes located among areas of treat-
ment remained intact. Light microscopy and scanning
electron microscopy revealed that each area of treatment
included 8 to 12 adjacent ciliary processes, resulting in
coagulation of about 50 to 70 ciliary processes when
the six transducers of the device were activated. New
Zealand White rabbits usually have 100 to 120 major
ciliary processes. It is likely that the remaining ciliary
processes allow significant aqueous residual secretion.
Months after treatment, we observed moderate epithelial
regeneration covering shortened and flattened ciliary pro-
cesses. However, the mono- or bilayered epithelium was
always disorganized and composed of thin cells devoid of
apical villi and with frequent detachment of the two

Fig. 11. Scanning electron microscopy images of vascular corrosion cast in untreated (a, b) and treated (c, d) eyes,
revealing a marked defect in the capillary network of the ciliary body (white arrows), with mixture extravasation at

the end of the disrupted vessels (white arrowheads).
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layers. We could therefore presume that this epithelium is
non-functional from a secretory point a view. Moreover,
as the ciliary processes are notably shortened, the total
surface of the unfolded neo-formed ciliary epithelium is
reduced. Previous studies performed after diode or
Nd:YAG laser cyclophotocoagulation revealed similar
findings, in both rabbits and humans (Blasini et al.
1990; Brancato et al. 1991; Ferry et al. 1995; Liu et al.
1994; McKelvie and Walland 2002; Pantcheva et al.
2007; Schlote et al. 2001).

By using vascular corrosion casts, we observed com-
plete focal destruction of the vascular network of the
ciliary body and pars plana. This aspect was conserved
several months after treatment. This long-term depletion
of the vascular supply of the treated areas likely partially
explains the atrophy of the ciliary processes observed
months after treatment—shortening and flattening of
the ciliary processes—and the dimorphic aspect of the
neo-formed epithelium. This sustained destruction of
the capillary network of the ciliary body and processes

also reinforces the supposition that the neo-formed
epithelium is non-functional from a secretory point a
view, as the hydrostatic pressure in the stroma of the
ciliary processes devoid of blood capillaries should be
strongly reduced. Adjacent to the treated areas, the 3-D
architecture of the microvasculature of the ciliary body
and ciliary processes appeared intact, also reinforcing
the hypothesis that the untreated parts of the ciliary
body should remain functional and secreting. More ante-
riorly, the major and minor arterial iris circles appeared
undamaged. This integrity of the blood–aqueous barrier
corroborates the lack of histologic signs of early or late
ocular inflammation. Regarding the vascular effects of
cyclophotocoagulation, our results are very similar to
those reported after diode laser and Nd:YAG transscleral
cyclophotocoagulation in rabbits (Schlote et al. 2001;
Van der Zypen et al. 1989; Lin et al. 2006). Regarding
aqueous outflow, light microscopy revealed a fluid
space between the sclera and the ciliary body and
between the sclera and the choroid adjacent to treated

Fig. 12. Photomicrographs (340) revealing a fluid space between the sclera and the ciliary body adjacent to a treated
sector demonstrating ciliary process coagulation necrosis and loss of ciliary epithelium, 2 h (b), 5 d (c), 21 d (d) and

6 mo (e, f) after sonication. (a) Control.
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areas. This characteristic seems to be maintained over
time, likely indicating that it is due to tissue retraction
or tissue micro-architecture changes rather than intra-
ocular inflammation, and was not observed in untreated
eyes, thus eliminating the possibility of an artifact of tis-
sue preparation. Previous studies using light microscopy
or tracer particles have also reported or supposed an in-
crease of the aqueous outflow after various methods of
cyclocoagulation (Liu et al. 1994; Polack et al. 1991;
Coleman et al. 1985). An increase in the outflow by the
uveoscleral pathway and the formation of a new
outflow tract from the posterior chamber through a
necrotic or thinned ciliary body and pars plana have
been advanced to explain the outflow increase.

In summary, we found that ultrasonic coagulation of
the ciliary body using high-intensity focused ultrasound
could result in a dual effect on the dynamics of aqueous
humor contributing to reduction of IOP. We do not
know the respective parts of the aqueous secretion
decrease and aqueous outflow increase. Some evidence,
such as the spatially limited area of ciliary epithelium
coagulation, could dispute the aqueous secretion decrease
as the primary mechanism of IOP reduction. A more
definitive answer would require in vivo fluorophotometric
and tonographic quantification of the aqueous inflow and
outflow. From a clinical point of view, those findings
could indicate that it could be pertinent to target the basal
part of the ciliary body and the junction of the ciliary
body and sclera when choosing the diameter and orienta-
tion of the probe from ultrasound biomicroscopy images
before treatment (Aptel et al. 2011). A possible dominant
effect of the aqueous outflow increase and the conserva-
tion of a significant aqueous humor secretion could also
explain the rather good tolerability of the method in
humans, particularly the lack of ocular phthisis bulbi,
even after repeated treatments (Aptel et al. 2011;
Rouland and Aptel 2013).
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