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SUMMARY High water content hydrogels can be made with water and solute permeabilities
comparable to those of the corneal stroma, thus making them feasible as intrastromal implants for
refractive keratoplasty. The materials have been shown to be compatible with the cornea tissue,
but for a lenticule of hydrogel to be effective in a refractive keratoplasty procedure it must alter the
anterior curvature of the cornea. In this investigation hydrogel lenticules were implanted by a free-
hand pocket dissection in eight Macaca mulatta (rhesus) and two Macaca nemestrina (pigtail)
primate eyes. The results of pre- and postoperative keratometry and subjective retinoscopy as well
as biomicroscopy were recorded. The alteration in refractive power was calculated in relation to
the hydrogel lenticule parameters such as base curve, refractive index, etc. The corneal refractive
change had a yield of +3±27% (±SD). The central keratometric change had a yield of +6±16%.
The hydrogel plus power lenticule implanted in a free-hand intrastromal pocket created no
significant steepening of the anterior cornea surface and therefore little change in refraction.

Refractive keratoplasty was introduced by Barraquer
in 1949,' but recently interest in it has increased. The
objective of the operation is to alter the anterior
corneal curvature, providing a predictable, stable,
and in some cases reversible change in refraction.
Because of the large difference in the refractive
indices of the precorneal tear film and air, small
changes in the corneal radius will result in relatively
large changes in its dioptric power. There are many
types of refractive keratoplasty procedures, ranging
from simple operations such as relaxing incisions and
radial keratotomy to more complex, such as
cryolathe keratophakia.

In 1966 Barraquer2 placed alloplastic lenticules in
the corneal stroma to achieve this goal. Successful
implantation of different alloplastic lenses for thera-
peutic uses in corneal disease had been reported
earlier.' Alloplastic implants of glass and Plexiglass
were insufficiently permeable to water and nutrients
to maintain normal corneal physiology. Celloidin
implants caused foreign body reactions resulting in
neovascularisation of the cornea.2 Barraquer subse-
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quently used human donor lenticules shaped on a
cryolathe.4 In recent years hydrogel polymers have
evolved into materials that have permeabilities com-
parable to that of the corneal stroma, making them
feasible as intrastromal implants for refractive
keratoplasty. For example, McCarey and Andrews7
used Permalens (Cooper Vision Laboratories, Inc.)
as an aphakic intrastromal implant in keratophakia.
The high water content hydrogels are well tolerated
intralamellarly, eliciting no inflammation and
minimal cicatricial response."' McDonald et al."
performed three hydrogel implantations within intra-
stromal pockets. The postoperative keratometry
indicated that the corneal curvature changed by 4%
of the predicted dioptric increase. A definition of the
predicted dioptric change was not given nor was a
descriptive technique of assuring keratometric
centration over the implant. In a second report from
the same laboratory Koenig et al."2 performed seven
pocket implantations of hydrogel lenses followed by
trephine keratotomy 1 mm peripheral and concentric
to the implant. They found that despite the +14-00
dioptre power of the implant (power is defined for an
air/hydrogel interface) there was no significant
alteration in the anterior curvature of the cornea.
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The McDonald and Koenig reports indicate that the
presence of Bowman's membrane in the primate eye
prevents the pocket implantation of a hydrogel lens
from creating an alteration in the corneal anterior
curvature. These findings support Barraquer's earlier
observations.
Because of the impact this surgical procedure

could have and the lack of refraction data in the
previous studies, we considered the topic warranted a

careful re-evaluation in the non-human primate eye
with long-term (approximately one-year) follow-up
to check for delayed or progressive reshaping of the
anterior stroma to the implant.

Material and methods

Ten hydrogel intracorneal lenses (ICL) were

implanted in the corneal stroma of six adult Macaca
mulatta (rhesus) and one Macaca nemestrina (pigtail)
monkeys. The monkeys were anaesthetised intra-
muscularly with ketamine hydrochloride, 10 mg/kg
body weight.

ICL PARAMETERS
The parameters of the ICLs that were implanted are

listed in Table 1. There were six eyes with Sauflon
(American Medical Optics), an 80% water content
hydrogel, three eyes with Permalens (Cooper Vision
Laboratories), a 70% water content hydrogel, and
one eye with Vistamarc (Vistakon), a 58% water
content hydrogel. The implant centre thickness was

determined with the laboratory specular microscope
by multiplying the measured thickness and the ratio
of the refractive index of the hydrogel relative to the
saline in which the ICL was immersed. The powers of
the ICLs in air ranged from +8 00 to + 16-00 dioptres
as provided by the manufacturer from measurements
in the hydrate state. While the edge thickness is an

important variable in describing the ICL configura-
tion, it is not easily measured in the laboratory. In
order to define this parameter a hydrogel contact lens
design analysis was performed as part of the main

data analysis programme referred to in the data
analysis section.

SURGICAL PROCEDURE
A mid-depth 3 mm corneal incision was made 2 mm
from and parallel to the superior limbus. When the
stromal lamellae were sufficiently separated with a

miniblade to form an intralamellar plane, a Martinez
lamellar dissector was used to open a lamellar pocket
large enough to centre the hydrogel intralamellar
lens over the pupil. After completely forming the
pocket, the incision entrance was enlarged with
corneal scissors to allow the ICL to enter the pocket.
The incision was closed with four to six interrupted
10-0 nylon sutures and the knots buried in the cornea
peripheral to the ICL. Bacitracin-polymyxin
ointment was applied topically.

PRE- AND POSTOPERATIVE EXAMINATIONS
The monkeys were anaesthesised intramuscularly
with ketamine HCL (10 mg/kg). Cycloplegia was

achieved with one drop of 1% cyclopentolate applied
every five minutes for three doses one hour prior to
retinoscopy. The examinations included biomicro-
scopy, pachymetry with a Haag-Streit I unit, central
keratometry with a Bausch and Lomb keratometer,
retinoscopy and corneal photography with a Zeiss
photoslit lamp. The steepest and flattest keratometry
readings were averaged to represent the central
corneal curvature. The thicknesses of the anterior
stroma, the hydrogel implant, the posterior stroma,
and the combined components were recorded. The
pachymetry data were used to determine the depth at
which the implant lay. At each examination five
pachymetry and keratometry measurements were

taken and the mean computed as the representative
value. Retinoscopy was performed by a single indi-
vidual using trial lenses and was recorded as the
spherical equivalent refraction.

DATA ANALYSIS
The measured refractive and keratometric changes

Table 1 Intrastromal hydrogel lensparameters

Monkey no. Hydrogel Power in Base curve Diameter Measured centre Calculated edge
air (D) (mm) (mm) thickness (mm) thickness (mm)

Mil 10/OD Permalens 15-00 7-4 6-0 0-24 0 04
Mil 10/OS Permalens 15-00 7-4 6-0 0-24 0-03
NP80/OS Permalens 14-50 7-4 6-0 0-29 0-09
P6/OD Sauflon 10-00 6.4 6-4 0-24 0 07
P6/OS Sauflon 10-50 6-2 6-4 0-23 0.10
RAM/OD Sauflon 10-00 6-4 6-5 0-23 0-05
RAM/OS Sauflon 8-00 6-4 6-5 0-22 0-08
MC82/OD Sauflon 11-00 5-0 6-2 0-19 0-10
G1/OS Sauflon 8-50 7-6 6-2 0-22 0-09
MC167/OD Vistamarc 16-00 6-8 6-2 0-29 0;08
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were compared with the expected or theoretical
changes for the specific ICL and ocular parameters.
An algorithm for the theoretical values was used to
calculate the following variables: the corneal intra-
lamellar bed radius, the new ICL diameter and
anterior radius after altering the ICL base radius, and
the postoperative corneal power including the effect
of the refractive index of the ICL within the cornea.
A complete discussion of the calculations is pre-
sented by Watsky et al. 3 The measured keratometric
and refractive changes created by the ICL were
compared with the theoretically predicted values and
expressed as the keratometry yield and refractive
yield. For example, a 75% yield means the measured
postoperative value is 75% of the theoretical value.

Results

The preoperative corneal measurements are listed in
Table 2. The 10 monkeys had a mean spherical
equivalent refraction of -0-41± 1-81 dioptres
(±SD), central keratometry readings of 51-38±3-11
dioptres with a corresponding corneal radius of

Table 2 Preoperative eye measurements

Monkey no. Refraction Central Anterior Central
(spherical keratometry corneal corneal
equivalent, (average radius thickness
dioptres) dioptres) (mm) (mm)

Mill0/OD* -3-75 47-54 7-10 0-50
Mill0/OS* -3-38 47-54 7-10 0-50
NP80/OS -0-50 49-62 6-46 0-46
P6/OD +0-87 52-80 6-39 0-41
P6/OS +1*00 52-00 6-49 0-41
RAM/OD -0-62 54-90 6-15 0-46
RAM/OS +0-50 57-34 5-89 0-46
MC82/OD +1-50 49-34 6-84 0-50
GI/OS +0-75 51-06 6-61 0-45
M167/OD -0-38 51-62 6-54 0-52

*Macaca nemestrina.

6-56±0-38 mm, and a central corneal thickness of
0-47±0-04 mm.

After the postoperative follow-up period of 36 to
156 weeks biomicroscopy of the monkey eyes with
ICLs showed: one eye with an intrastromal epithelial
plaque, one with neovascularisation in the pocket,
and three with debris in the pocket. The remaining
six corneas were clear and quiet. Figure 1 illustrates
the quiet appearance of the cornea 3-5 years after
surgery. This animal continued to illustrate the
biocompatibility of the hydrogel intracorneal
implant even after 4-5 years.
The postoperative data are presented in Table 3.

The average depth at which the implant was placed
within the cornea was 74±10%, which was deeper
than the desired 50%. The cornea refractive change
had a yield of +3±27%. The central keratometric
change had a yield of +6±16%. A perfect yield
would have been + 100%.

Discussion

The tissue tolerance of the hydrogel was excellent, as
indicated by the 3-5 year follow-up of two eyes with
Permalens intrastromal implants (Fig. 1). However,
the hydrogel plus power lenticule implanted in a free-
hand intrastromal pocket created no significant
steepening of the anterior corneal surface and there-
fore little change in refraction. The large standard
deviations indicate poor predictability of this
surgery. The main cause of the poor results is in the
use of a pocket dissection in which the anterior
collagen bundles and Bowman's layer are not
severed; thus these structures resisted the anterior
curvature change. Other variables included the
animal model, manufacture of the ICL, and intra-
stromal bending of the ICL. The globe is an intact
sphere consisting of collagen fibrils with limited
short-term stretching characteristics. The ICL in the
cornea increases total corneal thickness, and this

Table 3 Results ofplacing high plus intrastromal hydrogel lenses inpocket incisions in the monkey cornea

Measured Theoretical (Measured- theoretical) x 100

Monkey no. Follow-up Dissection Change in Change in Change in Change in Refractive Keratometry
(weeks) depth (%) refraction keratometry refraction keratometry yield (%) yield (%)

(dioptres) (dioptres) (dioptres) (dioptres)

MIL 10/OD 156 83 4-54 -0-43 11-48 10-64 40 -4
MIL 10/OS 156 86 5-59 -0-18 11-55 10-73 48 -2
NP80/OS 99 63 -3-30 4-71 11-07 10-57 -30 +4
P6/OD 55 66 -1-08 -0-53 7-12 7-55 -15 -7
P6/OS 55 75 -1-63 0-64 10-22 10-22 -17 6
RAM/OD 51 61 -0-91 0-82 6-85 7-35 -12 11
RAM/OS 51 72 1-16 -0-84 5-24 5-62 22 -15
MC82/OD 41 66 0-96 1-20 8-62 9-19 11 13
GI/OS 40 92 -1-17 0-52 5-98 6-12 -20 8
MC167/OD 36 79 0-40 0-80 12-63 10-83 3 1
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Fig. 1 The quiet clear cornea illustrates the biocompatibility
ofthe Permalens implant within the cornea. Thephotograph
was taken 156 weeks postoperatively ofanimal no. MIL
IOIOD.

effect can be compared with the effect of oedema in
the cornea. In both cases the lack of elasticity of the
corneal collagen in Bowman's layer and the anterior
stroma prevents the cornea from moving anteriorly
(steepening) as it increases in thickness. One can
think of the globe as being unable to increase its
spherical size. The cornea increases its thickness only
by expanding posteriorly (Fig. 2), a phenomenon
that creates folds in Descemet's membrane and the
posterior stroma as the thickness of the cornea
increases and the arc distance from limbus to limbus
decreases.
Problems in management of the monkeys makes

evaluation of ICLs difficult. The postoperative

rig.L 'I nenyaroget impant within thepocket dissection
creates aposterior bulging ofthestroma. Thephotograph
was taken 6½12 monthspostoperatively ofanimal no. MC-82
with a Sauflon material implant.

medication was limited because it could be adminis-
tered only to a sedated animal, and frequent anaes-
thesia may disrupt the health of the animal. The
difficulty in identifying the optical axis of the anaes-
thetised animal made refraction and keratometry less
accurate.
An advantage of performing keratophakia with a

hydrogel lenticule is the reproducibility in manu-
facturing the lenticule hydrogel. Unfortunately the
small dimensions and high water content of the ICL
make it difficult to lathe cut for the very steep
monkey cornea. The average anterior corneal radius
of the monkeys in this study was 6-56 mm (51-45 D).
If the implant is located at 024mm depth (about 50%
thickness) in the cornea, the radii of the lamellar bed
and the ICL base curve would be 6*39 mm. If the
hydrogel being used contained approximately 70%
water with a linear expansion factor of 1-6, then the
manufacturer would have to cut the dehydrated
hydrogel to a base radius of 3*94 mm. This small
radius requires new technical skills for the manu-
facturer.

In order to create a predictable steepening or
flattening of the anterior corneal surface, the anterior
corneal collagen layers must be disrupted. One way
to do this is to remove the anterior corneal lamellae,
place a conformer or wedge such as the ICL on the
lamellar bed, and then replace the anterior cornea so
that it conforms to the curvature of the ICL, thus
altering the anterior corneal surface. This is the
approach used by Barraquer'4 in keratophakia, and it
may allow hydrogel keratophakia to be more effec-
tive and predictable.5 16 Another approach is to use
intracorneal implants of a high refractive index
material." This approach is attractive, since it can
utilise the technically simple intralamellar pocket
dissection. The implant itself can cause the refractive
alteration without relying on subtle changes in
anterior corneal curvature.

This work was supported by NIH Grant No. EY03696 and in part by
a Departmental Grant from Research to Prevent Blindness, Inc.

References

1 Barraquer JI. Queratoplastia refractive. In: Barraquer JI, ed.
Queratoplastia refractive (recopilaci6n de reimpresos) Vol. I
Institute Barraquer de America Apartado Adreo 52445 Bogoti
(2); Columbia Marzo 1970; 1: section 2: 1-21.

2 Barraquer Jl. Modification of refraction by means of intra-
corneal inclusion. Int Ophthalmol Clin 1966; 6: 53-78.

3 Knowles WF. Effect of intralamellar plastic membranes on
corneal physiology. Am J Ophthalmol 1961; 51: 1146-56.

4 Refojo MF. Artificial membranes for corneal surgery. J Biomed
Res 1969; 3:333-42.

S Day R. Artificial corneal implants. Trans Am Ophthalmol Soc
1957; 55:455-75.

6 Choyce P. Management of endothelial dystrophy with acrylic
corneal inlays. BrJ Ophthalmol 1965; 49: 432-40.

190

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://bjo.bm

j.com
/

B
r J O

phthalm
ol: first published as 10.1136/bjo.70.3.187 on 1 M

arch 1986. D
ow

nloaded from
 

http://bjo.bmj.com/


Hydrogel keratophakia: afreehandpocket dissection in the monkey model

7 McCarey BE, Andrews DM. Refractive keratoplasty with intra-
stromal hydrogel lenticular implants. Invest Ophthalmol Vis Sci
191; 21: 107-15.

8 McCarey BE, Andrews DT, van Horn DL, Pederson H.
Hydrogel implants for refractive keratoplasty: corneal
morphology. Curr Eye Res 1982/83; 2: 29-38.

9 Binder PS, Deg JK, Zavala Y, Grossman KR. Hydrogel
keratophakia in non-human primates. Curr Eye Res 1981/82; 1:
535-42.

10 Werblin TP, Blaydes JE, Fryczkowski AW, Peiffer R. Stability
of hydrogel intracorneal implants in non-human primates.
Contact Lens Association of Ophthalmologists Journal 1983; 9:
157-61.

11 McDonald MB, Koenig SB, Friedlander MH, Hamano T,
Kaufman HE. Alloplastic epikeretrophakia for the correction of
aphakia. Ophthalmic Surg 1983; 14: 65-9.

12 Koenig SB, Hamaro T, Yamaguchi T, Kimura T, McDonald
MB, Kaufman HE. Refractive keratoplasty with hydrogel
implants in primates. Ophthalmic Surg 1984; 15: 225-9.

13 Watsky MA, McCarey BE, Beekhuis WH. Predicting refractive
alterations with hydrogel keratophakia. Invest Ophthalmol Vis
Sci 1985; 26: 240-3.

14 Barraquer JI. Keratomileusis for the correction of aphakia. In:
Symposium on medical and surgical diseases ofthe cornea. (Trans
New Orleans Acad Ophthalmol). St Louis: Mosby, 1980:
450-79.

15 Beekhuis WH, McCarcy BE, Waring GO, van Rij G. Hydrogel
keratophakia: a microkeratome dissection in the monkey model.
Br J Ophthalmol 1986; 70: 192-8.

16 Binder PS, Zavala EY, Deg JK, Baumgartner SD. Hydrophilic
lenses for refractive keratoplasty: the use of factor lathed
materials Contact Lens Association of Ophthalmologists Journal
1984; 10: 105-11.

17 Choyce P. The correction of refractive error with polysulfone
corneal inlays. A new frontier to be explored. Trans Ophthalmol
Soc UK 1985; 104: 332-42.

Acceptedfor publication 28 June 1985.

191

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://bjo.bm

j.com
/

B
r J O

phthalm
ol: first published as 10.1136/bjo.70.3.187 on 1 M

arch 1986. D
ow

nloaded from
 

http://bjo.bmj.com/

