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Amplitudes of Accommodation of Primate
Lenses Refilled With Two Types of Inflatable

Endocapsular Balloons

Okihiro Nishi, MD; Yoshiko Nakai; Yoshiharu Yamada, PhD; Yuriko Mizumoto, PhD

Objective: To investigate the maintenance of ocular ac-
commodation by refilling the lenses of the eyes of youth-
ful primates with inflatable endocapsular balloons.

Methods: The lenses of 21 cynomolgus monkeys were
refilled following endocapsular phacoemulsification with
a balloon that either approximates the shape of the non-
accommodated lens or the accommodated crystalline lens.

Results: In nine of 15 successfully refilled lenses, we were
able to perform automated refractometry to determine the
amplitude of accommodation, ie, changes in refraction be-
fore and 1 hour after application of topical 4% pilocarpine
hydrochloride to alter lens shape. At 2 weeks, 2 to 3 months,
and 6 to 12 months after operation, mean (£SD) accom-
modation was 4.6+2.5, 2.5+0.5, and 1.7%0.7 diopters
(D), respectively, in the lenses refilled with the nonaccom-

modation balloon (n=5; preoperative value, 15.2+1.3 D),
anditwas 1.9+0.5,1.3%0.9,and 1.8£0.9 D, respectively,
in the lenses refilled with the accommodation balloon (n=4;
preoperative value, 17.0+2.9 D).

Conclusion: The greater yield of accommodation with the
nonaccommodation balloon is consistent with the recent theory
on the mechanism of accommodation. Although the obtained
accommodation was a small fraction of values determined
prior to the operation and the small amplitude of accom-
modation decreased over time, the feasibility of refilling the
lens with an inflatable endocapsular balloon, allowing at least
some accommodation in the eyes of youthful primates, was
demonstrated. Applied to humans, this procedure may al-
low accommodation following cataract surgery.

(Arch Ophthalmol. 1993;111:1677-1684)
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EFILLING THE lens while pre-
serving the integrity of the
lens capsule, zonule, and
ciliary muscle offers the po-
tential of restoring ocular ac-
commodation after cataract surgery.
Kessler!' was the first to refill a rabbit
lens with silicone oil, followed by Agarwal
et al.? The integrity of the capsular bag was
difficult to maintain, mainly owing to sur-
gical and technical problems, and, since the
liquid silicone was observed to leak from
the capsular bag,'? Parel et al,” Haefliger
et al,* and Gindi et al’ attempted to use
precured silicone polymeric gel as a filling
material. These cross-linked polymethyl-
disiloxane compounds, which are more com-
monly known as silicone elastomers or sili-
cone rubbers, offer the most appropriate
properties for experimental lens refilling in
terms of refractive index, biocompatibil-
ity, elasticity, transparency, and non-
toxicity, although adverse reactions to sili-

cone breast implants have recently been
reported with alarming frequency.®

Itis difficult to prepare a precured sili-
cone gel with viscosity that is both low enough
toallow injection through a small-gauge needle
and high enough not to leak. Yet, these physi-
cal properties must be similar to those of
the crystalline lens. Also, because silicone
has a lower specific gravity than water and
is not cohesive enough to replace fluid in
the capsular bag, it is technically extremely
difficult to fill the bag with this material.

To overcome these difficulties, Nishi’ de-
veloped an inflatable endocapsular balloon and
used it to refill the lens capsules of animal eyes.®
The balloon isinserted into the collapsed, empty

See Materials and Methods
on next page
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MATERIALS AND METHODS

PREPARATION OF INFLATABLE
ENDOCAPSULAR BALLOON

The disc-shaped inflatable endocapsular balloon® has walls that
are approximately 20 wm thick and consist of silicone poly-
mer. The balloon is composed of an inflatable optical part and
a delivery tube.

The inflatable optical part was made according to the mea-
surements of the lenses of Macaca fascicularis (cynomolgus mon-
key). The anterior segments of the eyes of the 21 male and fe-
male monkeys (age range, 4 to 6 years; weight range, 3 to 5 kg)
were photographed with aslit-lamp Scheimpflug camera’ (Nidek
Company, Gamagori, Japan) during nonaccommodation and
accommodation, ie, before and 1 hour after topical application
of 4% pilocarpine hydrochloride. Two to 3 weeks before pho-
tographing the lens, sector iridectomies were performed at the
6-and 12-o'clock positions to maximize visualization (Figure 1).

The microphotographs were analyzed by the image ana-
lyzer included with the Scheimpflug camera to determine the
lens dimensions: equatorial and axial lens diameters and an-
terior and posterior curvatures. The invisible equator was de-
termined as follows. The points where the extensions of the
anterior and posterior curvatures meet were first determined.
Then, for the shape in the nonaccommodated state, a circle,
0.5 mm in diameter, that touched tangentially both curva-
tures at the equator angle was delineated. The part of the cir-
cumference between the two contact points was determined
as the equatorial shape. For the shape in the accommodated
state, a circle, 0.3 mm in diameter, was used. This diameter
was arbitrarily chosen on the basis of the shape of the lens
equators that could be photographed. Accordingly, the ob-
tained diameters ranged from 7.8 to 8.8 mm (mean, 8.4+0.4
mm) in the nonaccommodated state and from 7.0 to 8.2 mm
(mean, 7.5+0.4 mm) in the accommodated state, ie, 1 hour
after the topical application of 4% pilocarpine.

Two types of balloons were developed. The nonaccom-
modation balloon approximating the shape of the lens in the

nonaccommodative state was constructed according to the
values obtained during nonaccommodation of the lens; the
accommodation balloon approximating the shape of the lens
in the accommodative state, according to the values obtained
during accommodation. For each type, balloons of two dif-
ferent diameters were made (Table 1 and Figure 2).

A thin delivery tube (outer diameter, 0.365 mm; inner
diameter, 0.305 mm) was positioned at the preequatorial
zone. After the air was evacuated from the balloon through
the delivery tube, the inner lumen of the delivery tube was
filled with a soft, cured silicone polymeric gel, preventing
any reflux of the liquid silicone that was injected with a
27-gauge needle through the delivery tube into the balloon.

The implant was sterilized with ethylene oxide gas.

LENS-REFILLING PROCEDURE

Twenty-one lenses in 21 monkeys were refilled with inflat-
able endocapsular balloons. The monkeys were first anes-
thetized with an intramuscular injection of ketamine hy-
drochloride, 5 mg/kg, and xylazine hydrochloride, 2 mg/
kg. Ten lenses were refilled with the nonaccommodation
balloon and 11 with the accommodation balloon.

The animals were housed at the Yaotsu Breeding Labo-
ratory (Japan EDM Inc, Gifu), where the experiments were
performed. The monkeys were treated humanely according
to the principles of the Primate Society of Japan.'

After maximal mydriasis was obtained with the topical
application of tropicamide and phenylephrine hydrochloride,
hyaluronate sodium was injected into the anterior
chamber and a small, circular capsulorhexis (1.2 to 1.5 mm
in diameter) was made with a capsulorhexis forceps (Figure 3).

The lens nucleus was then emulsified within the cap-
sular bag using an 0.8-mm endocapsular tip (sleeve diam-
eter, 1.2 mm) (Cooper Vision, Irvine, Calif). The residual
cortex was then removed with a thin irrigation aspiration
tip that was 0.8 mm in diameter. Heparin sodium, 1000 U,
and epinephrine, 0.5 mg, were added to 500 mL of an ir-
rigating balanced salt solution (Alcon Surgical Inc, Fort Worth,
Tex) for these procedures.

capsular bag. A mixture of two liquid silicone polymers, poly-
methyldisiloxane and hydrogenpolysiloxane, which polymer-
izes in 2 hours in vitro, is then injected into the balloon. The
inflated balloon fills the capsular bag. We performed a series
of lens-refilling experiments using this inflatable endocapsu-
lar balloon in the eyes of young primates to maintain accom-
modation. Data are given as mean=SD.

—

Fifteen of 21 lenses could be refilled (Figure 5). The
failure in six lenses was mainly due to capsule rupture
during the operation.

AMPLITUDE OF ACCOMMODATION MEASURED
BY AUTOMATED REFRACTOMETRY

In nine of the 15 refilled lenses, automated refractometry was
possible. The preoperative and postoperative amplitudes of
accommodation of the five lenses refilled with the nonaccom-
modation balloon and of the four lenses refilled with the ac-
commodation balloon are given in Table 2. The amplitude
of accommodation decreased markedly after the operation in
all eyes, and the small amplitude decreased over time except
in monkey 8.

In monkeys 5 and 7, fibrin deposition or capsular
fibrosis precluded refractometry at some measurement times.
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Ethylenediaminetetraacetic acid (EDTA), 10 pmol/L,
dissolved in hyaluronate sodium (Healon, Kabi Pharmacia
Ophthalmics AB, Uppsala, Sweden) was injected into the
capsular bag after pure hyaluronate was injected into the
anterior chamber to protect the corneal endothelium. The
EDTA chelates calcium and loosens the junctional com-
plexes of the lens epithelial cells (LECs). After 2 minutes,
EDTA-hyaluronate and the loosened LECs in the capsular
bag were removed with low-level aspiration."" Lens epithe-
lial cells at the 12-o'clock position were removed with a
Simcoe (American Surgical Instrument Corp, Westmont, 111)
cannula designed for removal of the cortex at that position.

The balloon with the diameter most closely approxi-
mating that of the crystalline lens of the individual monkey
in either the nonaccommodated or the accommodated state
was selected. After the capsular bag and anterior chamber
were filled with hyaluronate, the equator opposite the de-
livery tube was grasped with Miyake-Simcoe (Inami and Com-
pany, Ltd, Tokyo, Japan) lens forceps, and the inflatable
balloon was introduced through the 3-mm corneal incision
and the small upper capsular opening into the capsular bag
(Figure 4).

The two liquid silicone polymers of polymethyldisi-
loxane (the main component) and hydrogenpolysiloxane (a
cross-linking agent) were mixed at a 2:1 (vol/vol) ratio. The
liquid silicone mixture (Menicon Company, Nagoya, Ja-
pan), which polymerizes in 2 hours in vitro, was injected
through the delivery tube with an odontologic syringe in-
jector (Citoject, Bayer Dental Nippon, Osaka, Japan) equipped
with a 27-gauge needle. The balloons were filled with 0.15
to 0.25 mL of the silicone mixture. After the balloon was
filled, the residual air in the balloon was aspirated through
the delivery tube using a 32-gauge needle. The delivery tube
was then cut at its root. The tube stub containing the cured
silicone was left in place within the wall of the balloon to
prevent leakage of the liquid silicone mixture.

One percent atropine sulfate ointment was applied in
the conjunctival sack at the end of the operation to main-
tain zonular relaxation when the nonaccommodation bal-
loon was used.

POSTOPERATIVE REFRACTOMETRY

Two weeks, 2 to 3 months, and 6 to 12 months after the op-
eration,changes in refraction were measured in the anesthe-
tized animals with an automated refractometer (Auto-Kerato-
Refractometer KR-3100, Topcon Company, Tokyo, Japan) be-
fore and 1 hour after topical application of 4% pilocarpine to
alter the lens shape. During measurement, the head of the mon-
key was held to properly position its eye to the refractometer
while the monkey was sitting in a special stand. The small ring
of the measurement light beam was adjusted to enter within
the pupil and the wider light reflex ring on the apparent center
of the comea, which was monitored on a small monitor-equipped
television, was adjusted to align with the optical axis. The mea-
surement was undertaken three to five times in each eye and
the values were averaged automatically. The spherical equiva-
lence of each value was determined as refraction.

The SD of measurements taken on an eye model (given
by the refractometer’s manufacturer) was from +0.10 to £0.24
diopters.

The refraction in an anesthetized monkey was mea-
sured 10 times. The mean (*SD) spherical equivalence and
coefficient of variation were —0.33%0.12 diopters and 0.36,
respectively.

POSTOPERATIVE MORPHOMETRY

Two weeks after the operation, three morphological fea-
tures of the anterior segment during accommodation, ie,
shallowing of the anterior chamber, increasing of the ante-
rior lens curvature, and thickening of the lens (Figure 1),
were measured with the Scheimpflug camera before and 1
hour after topical application of 4% pilocarpine.

HISTOPATHOLOGICAL FINDINGS

One monkey (monkey 6) was killed at 6 months postopera-
tively by injection of succinylcholine chloride after anesthe-
sia; the lens, which had been refilled with an accommoda-
tion balloon, was submitted for histopathological examination.

In monkeys 1, 4, and 7, the amplitude decreased mark-
edly, while capsular fibrosis increased substantially after
3 to 6 months. In the other six lenses, refractometry was
not possible owing to fibrin reaction and/or capsular opaci-
fication throughout the follow-up period.

MORPHOLOGICAL FINDINGS

The morphological features during accommodation, ie, 1
hour after topical application of 4% pilocarpine, could be
confirmed in all 15 eyes. To facilitate comparison, the
_data are given here for nine eyes in which refractometry
was possible.

In the lenses refilled with the nonaccommodation
balloon (Table 3), the posterior curvature remained al-
most unchanged, while the anterior curvature was much
steeper than that measured under the preoperative con-
dition of the crystalline lens and the original curvature of
the balloon after refilling (Figure 6). The change in an-
terior chamber depth and particularly in anterior curva-

- ture during accommodation decreased markedly after the

operation. The lens thickness was generally greater after
refilling, but the change in thickness in accommodation
was also markedly decreased.

The morphological changes in the anterior segment
in the eyes refilled with the accommodation balloon

ARCH OPHTHALMOL/VOL 111, DEC 1993

1679



Figure 1. Scheimpflug camera (Nidek Company, Gamagori, Japan) photograph of a Macaca fascicularis monkey lens. Left, Nonaccommodated state, after
anesthesia. Right, Accommodated state, 1 hour after topical application of 4% pilocarpine hydrochloride. Note the flattening of the anterior chamber, increase
in anterior curvature, and lens thickening during accommodation.

Table 1. Dimensions of Endocapsular Balloons*

Diameter, mm Axial Diameter, mm Anterior Curvature, mm Posterior Curvature, mm Power, D
Nonaccommodation balloon '
1 8.0 3.0 8.5 5.0 217
2 8.5 3.0 9.2 5.6 217
Accommaodation balloon
1 75 38 6.0 4.0 28.2
2 8.0 4.0 6.2 4.0 28.2

*Determined when the balloon was inflated by the injection of silicone polymer with the refractive index of 1.403. D indicates diopter.

(Table 4) were similar to those in the eyes refilled with
the nonaccommodation balloon. However, the postop-
erative change in lens thickness during accommodation
was less marked than in the eyes refilled with the non-
accommodation balloon.

HISTOPATHOLOGICAL FINDINGS

Gross and histological examination of the eye of monkey
6 revealed slight freckled capsular fibrosis in the periph-
ery and no evidence of the migration of LECs on either
the anterior or posterior capsule. However, some cells were
present in the equatorial region, where the balloon did
not accurately conform to the capsular shape. The cap-
sular bag was well filled (Figure 7).

B COMMENT _ py

To our knowledge, our report is the first on the mea-
surement of amplitude of accommodation with auto-
mated refractometry in experimental lens refilling. Re-
moval of residual LECs by dispersion aspiration as well as
the use of an inflatable membrane reduced capsular opaci-
fication and inflammation induced by the operation and
sufficiently prevented leakage of the filling material to al-
low refractometry.

Haefliger et al* could not accurately measure refraction
postoperatively owing to inflammation and capsular opaci-
fication. They presumed that full accommodation had been
preserved after finding that the decrease in anterior chamber
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Figure 2. Inflatable endocapsular balloon refilled with the silicone polymer.
The delivery tube is filled with a soft, cured silicone that prevents leakage of
the injected material. Left, A balloon approximating the nonaccommodated
state of the crystalline lens (equatorial diameter, 8.5 mm). Right, A balloon
approximating the accommodated state (equatorial diameter, 7.5 mm).

Figure 3. Minicircular capsulorhexis with a diameter of 1.3 mm created
with a forceps in a monkey lens. The round, continuous, smooth-edged
margin reduces stress concentration so that the capsule will tolerate the
strain exerted during the operation.

Figure 4. /nsemon of a balloon into the capsu/ar bag The balloon is rolled
hke a scroll while it is led through the minirhexis and corneal incision. It
usually unfolds as soon as it enters the capsular bag.

Figure 5. A monkey eye at 2 months postoperatively. The lens is well
refilled with an inflated balloon of the nonaccommodation type.

depth measured with the Scheimpflug camera was at least as
great as with the natural lens following injection of pilocarpine
into the anterior chamber. Gindi et al’ did not describe whether
or how they confirmed accommodation.

We developed two types of balloons for our investi-
gation to confirm if the one that approximates the shape
of the nonaccommodated crystalline lens yields greater am-
plitude of accommodation. The investigation was structured
on the basis of the recent theory on the mechanism of ac-
commodation'?: while the lens substance (matrix) in its re-
laxed state assumes the form determined by its own natu-
ral elasticity during accommodation, this state is overrid-
den by the greater elasticity of the capsule, which molds
the lens matrix into its accommodated form. The inves-
tigation was also based on Fisher’s"” findings that the po-
tential arnplitude of accommodation is mainly due to steep-
ening of a flat anterior curvature during accommodation;
and, the flatter the lens and the smaller the volume of its
anterior segment, the more potential energy is stored in its
capsule for release by zonular relaxations.

In our study, the amplitude of accommodation and
the changes in lens thickness during accommodation in
the lenses refilled with the nonaccommodation balloon were
greater than those in the lenses refilled with the accom-
modation balloon during the entire postoperative period,
and these changes were particularly marked by 2 to 3 months
postoperatively. This finding is in accordance with Fisher’s"’
findings and is also consistent with the recent theory on
the mechanism of accommodation.

However, the changes in the anterior segment dur-
ing accommodation were much less marked after the op-
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*D indicates diopter; ND, not determined for data that could not be obtained owing to fibrin deposition or capsular opacification.

*ND indicates a value that could not be determined because of fibrin deposition and/or capsular fibrosis.
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Figure 6. Postoperative Scheimpflug camera (Nidek Company, Gamagori, Japan) photograph of the eye of monkey 2 refilled with a nonaccommodation
balloon. Left, Nonaccommodated state, after anesthesia. Right, Accommodated state, 1 hour after topical application of 4% pilocarpine hydrochloride. A slight
shallowing of the anterior chamber and a slight thickening of the axial diameter of the refilled capsule can be seen.

Table 4. Anterior Segment Morphology in the Lenses Refilled With an Accommodation Balloon Before and 1 Hour After Topical
Application of 4% Pilocarpine and 2 Weeks After the Operation*
e e = B ammean ==
Anterior Chamber
Depth, mm Lens Thickness, mm Anterior Curvature, mm Posterior Curvature, mm
I 1 I ] I 17 1
Monkey No. Before After Change Before After Change Before After Before After
6
Preoperative
value 2.75 2.31 0.44 2.77 3.59 0.80 10.39 6.74 4.98 3.69
Postoperative
value 2.05 1.89 0.16 5.01 5.07 0.06 723 6.14 ND ND
7
Preoperative
value L542.80 2.28 0.52 3.16 3.58 0.42 10.31 5.94 6.13 4.65
Postoperative
value 2.20 2.01 0.19 ND ND ND 5.35 418 ND ND
8
Preoperative
value 2.82 2.24 0.58 317 3.83 0.66 9.59 5.70 6.00 4.14
Postoperative
value 1.52 1.28 0.24 ND ND ND 5.85 475 ND ND
9
Preoperative
value 2.67 1.92 0.75 3.0 3.69 0.69 9.98 5.57 5.64 3.65
Postoperative
value 2:15 1.94 0.21 4.30 452 0.22 5.82 5.29 ND ND
Group value,
mean=SD
Preoperative  2.76+0.06 2.19+0.16 0.57+0.11 3.03+0.16 3.67=0.10 0.64=0.14 10.07=0.32 5.99+0.45 5.69+0.45 4.03+0.41
Postoperative 1.98+0.27 1.78+0.29 0.20+0.03 4.66+0.36 4.80+0.28 0.14+0.08 6.06=0.70 5.09+0.72 ND ND

*ND indicates a value that could not be determined because of fibrin deposition and/or capsular fibrosis.
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Figure 7. Histopathological section of the eye of monkey 6 refilled with an
accommodation balloon 6 months after the operation. The capsular bag is well
refilled. No cell migration is observed on the anterior or posterior capsule.

eration, and the postoperative amplitude of accommoda-
tion was a small fraction of what existed prior to the
operation, independently of the type of balloon. The cap-
sular tension was apparently not transmitted effectively
enough to the inflated balloon. This ineffectiveness may
be due to the discrepancy between the balloon and the
lens capsule in size, shape, and physical properties. The
properties of the injected homogeneous cured silicone gel
also differ from those of the heterogeneous lens mass, which
contains an arrangement of numerous lens epithelial fi-
bers. Moreover, the final shape of the refilled capsule is
another important factor because it will influence not only
the efficient transmission of the capsular tension on the
balloon but also the potential amplitude of accommo-
dation.

The final shape of the refilled capsule will be deter-
mined by the factors described above, along with the de-
gree of inflation of the balloon. In our animals, the non-
accommodation balloons could not inflate the capsular
bag properly to reproduce the original shape of the crys-
talline lens in the nonaccommodated state and instead
conformed to a shape similar to that of the crystalline lens
in the accommodated state (Figure 6 and Tables 3 and 4).
We think that this result is mainly due to the different
properties of the injected silicone compared with the crys-
talline lens and the inablility to control the filling of the
balloon exactly. As a result, the potential amplitude of
accommodation stored in the flat anterior curvature of
the balloon was lost.

On the basis of our results and considerations, it may
be essential to reproduce the nonaccommodated state of
a crystalline lens to maintain accommodation in lens re-
filling. Also, the physical properties of the crystalline lens
require more detailed analyses and the development of a
silicone elastomer or a novel biomaterial should be in-
vestigated in further studies. The literature indicates that
the values of many lens parameters do not accurately rep-
resent the lens’ physical properties and that in reality, very
little is known about the human lens.” The method of
controlling the degree of filling of the lens capsule should
also be improved.

The progressive postoperative decrease in ampli-

=12

tude of accommodation we observed may have been
caused by capsular fibrosis, which will decrease capsu-
lar pliability. The eye of monkey 8, the capsule of
which was apparently clear and free of fibrosis, main-
tained its postoperative amplitude even after 1 year.
Although the efficiency of dispersion aspiration was
demonstrated to a certain extent, the results, including
histopathological findings, indicate the need for further
refinement of this technique.

Finally, it is unclear whether useful accommodation
can be obtained by refilling the lens of a presbyopic eye,
in which the elasticity of the lens mass and the capsule is
decreased or lost and the ciliary muscle function'* is de-
creased. In future studies, the procedure will be tested in
the eyes of aged primates.

A number of surgical difficulties remain to be re-
solved, but the potential feasibility of refilling the lens
with an inflatable endocapsular balloon to maintain ac-
commodation was demonstrated. Our procedure may of-
fer the potential of restoring accommodation after cata-
ract surgery.

Accepted for publication August 19, 1993.
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