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Fig. 8. Cultured rabbit corneal epithelial cells on irreversibly optically cleared sclera. HE staining of the cross-section (A), SEM images of the cross-section (B) and the flat mounted
cell surface (C) at low-magnification, and images of the cross-section (D) and the flat mounted cell surface (E) at high-magnification.

process with 1% EDC/0.5% NHS was the best condition for providing
the highest transmission to sclera and eliminating amounts of
cross-linking reagent. When the concentration of EDC/NHS is high
(10%/5%), the transparency significantly decreased with the possible
structural distortion of sample.

The microscopical structure of the cross-section of sclera treated
by the double-cycle treatment with 1% EDC/0.5% NHS was inves-
tigated by SEM after the critical point drying of the wet resultants
(Fig. 6). This double-cycle treatment allowed the sclera thickness to
be approx. 100 mm, which was less than 20% of the control sclera
thickness without EDC and NHS (approx. 500 mm). In addition, the
fiber structure in cross-linked rabbit sclera was observed to be
much denser than that of non-cross-linked rabbit sclera.

On mechanical functional analysis, the double-cycle treated
sclera with 1% EDC/0.5% NHS showed a sharper stress—strain curve
in tensile test than that of native wet tissue (Fig. 7A). The applied

stress at break point significantly increased by approx. 100% by this
double-cycle treatment (Fig. 7B). In contrast, the strain at break
point was significantly decreased by approx. 20% (Fig. 7C). In addi-
tion, the most illustrative change was found on the averaged Young's
modules, which was significant increase by approx. 180% (Fig. 7D).
For investigating epithelial cell compatibility on the double-cycle
treated rabbit sclera, seeded cells were rounded and floating, and the
culture medium showed no color change for 3 days. In contrast, on
arginine treated sclera, seeded epithelial cells proliferated and
reached confluence with the color change of medium. After being
cultured for 12 days, the regenerated epithelia on the sclera was
fixed and analyzed. The light transmission of sclera was found to be
stable during this cell culture experiments by visible inspection.
Optical microscope and SEM showed that the surface of sclera was
covered with 2—3 layered cells (Fig. 8A, B, and C). Morphology of the
cultivated cell layer was flat and smooth at low magnification (Fig. 8B
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Fig. 9. Schematic illustration of structural effect on the transparency of cornea and sclera which were treated by low temperature dry or critical point dry (A), and collagen structure

during the stabilization of transparency by chemical cross-linking (B).

and C). Small fiber-like structures (1—3 mm length), which con-
nected cells and the surface of optically cleared sclera, were observed
on the cross-section of the interface on the high-magnification
imaging by SEM (Fig. 8D). Furthermore, microvilli were also
observed on the surface of the cultured cells (Fig. 8E).

4. Discussion

Schematic illustrations of the proposed relationship between
light transmission and structure in cornea and sclera, which were
treated by two different dry processes, were given in Fig 9.
Generally, the uniformity of fiber diameter and regularity of inter-

fiber distance are considered to be essential for the regulation of
visible-light transmission in cornea and sclera in vivo (the left
column, Fig. 9A). Critical point drying is commonly used for dehy-
drating tissues with preserving their structures at wet condition,
but treated cornea quickly lost its transparency (the first row and
the middle column, Fig. 9A), because a stronger irregular light
reflection occurs on the surface of collagen fibers in the tissues,
which caused by large difference in refractive index between
collagen (n = 1.416) [7,18] and air (n = 1.00) than that between
collagen and water (n = 1.333) in wet tissue. The high transparency
obtained by low-temperature drying treatment (Figs. 1 and 2) may
be strongly linked with the reduction of strong light scattering at
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collagen—air interface in dense collagen packing (Fig. 3), with
accompanying with fiber—fiber connection and inter-fiber space
reduction (the right column, Fig. 9A). Such dense fiber packing is
thought to be induced by capillary force during slow dehydration at
low-temperature [19,20]. Speculations that the relationship
between inner fiber packing and transparency are unrelated to the
tissue-specific shapes of collagen fiber in cornea and sclera. The
speculation is unable to contradict our results that showed that
optically cleared cornea and sclera by low-temperature drying had
a packed fiber structure that can transmit light (Fig. 1), and the
speculation also supported the result of twice increase in trans-
parency of dried rabbit sclera by eliminating irregular light reflec-
tion on its surface (Fig. 2).

Based on these results and discussion, the good visible-light
transmission of wet chemically cross-linked sclera (Figs. 4 and 5) is
caused by cross-linking adjacent fibers, which stabilize their dense
fiber packing at wet condition (Figs. 6 and 9B). Repetition of low-
temperature drying/chemical cross-linking with EDC/NHS (below
1%/0.5%) also reduced the inter-fiber spaces in the tissue. In addi-
tion, the repeated process also drastically reduced the necessary
amount of cross-linking reagents for obtaining a high transparency
over 50% at 550 nm by more than 90%. The maximum visible-light
transmission of wet rabbit sclera obtained by the optimized multi-
cycle treatment (Fig. 5) is higher than that of the rabbit sclera dried
at low temperature without cover glass (Fig. 2) by 5—10%. This was
probably caused by smaller light scattering at water—collagen
interface than air—collagen interface on the surface and inside of
the tissues with dense fiber packing.

In this study, the multi-cycle optical clearing successfully
decreased the visible-light scattering of wet sclera. However, its
maximum transparency was unable to be an optical level found in
ocular application materials such as transplantable cell carriers
[15,16,21-26] and replacement of corneal stroma [27—32]. The
drastic reduction of light scattering and light reflection should be
achieved for improving their optical property. The specific rigidity
(a high Young’s module) of this cross-linked sclera (Fig. 7) will
provide a good stability in shape and light reflection to transparent
tissue. On the other hand, a significant visible-light scattering
probably occurs at the untreated rough surface of the wet tissue,
and it is the same phenomenon found in dried rabbit sclera treated
at low temperature with/without glass cover (Fig. 2). However,
cover glass treatment was unsuitable for flatting the surface of wet
tissues. Thus, special treatments are expected for obtaining
a smooth surface on wet sclera such as excimer laser and micro-
keratome treatments, in future study.

Another important function for clinical application is its
biocompatibility. This study examined 4 chemical cross-linking
reagents (Figs. 4 and 5) and UV irradiation treatment for cross-
linking of tissue (Supporting Information 1). Mainly EDC and NHS
were used, because they leaves no remain after their cross-linking
reagents in their targeted sites. Therefore, no possible toxic
substances release into tissues from subsequent cross-link break-
down [21,22,30,31,33,34], or they give no damage to collagen
molecules. Observed cell toxicity without quenching reagent for
cross-linking reagent caused by the un-reacted activated site
and/or adsorbed reagents in the sclera. Arginine was used for
quenching the cross-linking reaction and it’s for improving cell
adhesion [35]. Their efficacy of corneal epithelial cell culturing was
successfully conformed. Obtained corneal epithelia cultured on the
resultants were multilayered cell membranes with characteristic
flat shape like corneal epithelial cells in vivo (Fig. 8), and the result
indicated the transmission of components from feeder cells
through the tissue. However, the thickness of the reconstructed
epithelial cell layer was thinner, and the shape of cells on surface
was broader than cultivated corneal/oral mucosal epithelium in

vitro [25,36,37] and cornea in vivo. This will be one of our future
works that should be studied by examining culture condition, the
further modification of treatments of optically cleared sclera, etc.

The irreversibly optically cleared sclera exhibits a potential to
use as a cell carrier and replacements for light transmission tissues.
Also, our results indicated that the mechanisms of tissue optical
clearing and developed method for irreversible optical clearing
should be investigated on other tissues for further advance in tissue
engineering as well as optical therapies/diagnosis.

5. Conclusion

This study found that dense fiber packing in dried tissue was
a key for optical clearing of both cornea and sclera by two struc-
tural manipulations through dry processes. In addition, our cycle-
treatments with low-temperature drying/chemical cross-linking
successfully generate an transparent sclera, which was stable at
wet condition. Irreversibly optically cleared sclera also exhibited
a strong mechanical property and provided a scaffold character for
corneal epithelial regeneration. The new optical clearing processes
and the obtained transparent tissues have a potential for using in
the field of tissue engineering and medicine, especially for ocular
treatments.
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Appendix

Figures with essential color discrimination. Figs. 7 and 9 in this
article are difficult to interpret in black and white. The full color
images can be found in the online version, at doi:10.1016/j.
biomaterials.2010.10.002.

Appendix. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.biomaterials.2010.10.002.
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Our aim was to construct a mechanically stable and optically transparent collagen gel from an acidified
atelocollagen solution which is suitable for use as a corneal stromal equivalent. Light transmission and
mechanical testing were conducted on variously crosslinked constructs at different pH levels. Ultra-
structural analysis was performed to assess directionality of the molecular arrangement produced by
flow manipulation, as well as the amount of collagen fibrillogenesis which resulted from different pH

Iéey words: and/or crosslinking conditions. Clinical and histological integration of the gels with living tissue was
cglrlr;f;aen examined following implantation into rabbit corneal intra-stromal pockets. Transmission electron

microscopy revealed the importance of the fine control of pH levels during gel formation and indicated
that the stage at which collagen fibrillogenesis is halted within the constructs was critically dependent
on the pH of the collagen solution. Transparency testing disclosed that high levels of collagen fibrillo-
genesis, as well as high levels of crosslinker concentration, detrimentally affected the transparency of the
construct. As a result, a dual titration was required to achieve good light transmission through the gels. It
was also evident that the amount of crosslinking required to gelate the collagen solution was reduced as
the level of fibrillogenesis progressed. Thus, it was necessary to establish a balance between the solution
pH and crosslinker concentration. Implantation of the collagen constructs into partial depth intra-
stromal pockets in rabbits was followed up for 6 months, and demonstrated favourable biocompatibility.
This showed that gels which had lower levels of both fibrillogenesis and crosslinking were degraded
more readily by the host tissue. The collagen gels described here are mass-production friendly, and have
promise as potential functional stromal equivalents for use in stromal grafting, or in constructing full
thickness artificial corneas.

Crosslinking
TEM (transmission electron microscopy)

Crown Copyright © 2010 Published by Elsevier Ltd. All rights reserved.

1. Introduction cornea is a result of a tissue-specific arrangement of uniformly thin

collagen fibrils that measure approximately 30 nm in diameter in

The cornea is the tough and precisely curved transparent
window at the front of the eye which, aided by the crystalline lens
in the eye’s interior, focuses light onto the retina. The bulk of the
cornea is made up of a collagen-rich stroma, bound either side by
epithelial and endothelial cell layers. The corneal stroma possesses
the mechanical strength needed to form the anterior outer coat of
the eye, whilst still maintaining the high degree of transparency
necessary for light transmission. Light transmission through the

* Corresponding author. Department of Ophthalmology, Osaka University
Medical School, Suita, Osaka, Japan.
E-mail address: knishida@ophthal.med.osaka-u.ac.jp (K. Nishida).
1 Equal contribution to this work.

the hydrated state in man [1] (somewhat smaller when the tissue is
fixed, dehydrated, embedded and observed in the electron micro-
scope [2]). Collagen fibrils in the corneal stroma are arranged into
a stacked array of about 250 layers or lamellae [3], which are
thinner and more interwoven in the anterior cornea [4]. In humans
the corneal stroma is approximately 500 pm thick [5], with
commonly used experimental animal models having stromal
thicknesses which vary from approximately 65—90 pm in mice
(depending on the strain) [6,7], 450 um in rabbit [8], and 800 pm in
cow [9].

Theories of corneal transparency hold that the regular short-
range spatial order in the collagen fibril array within each lamella
allows for light transmission via interference effects [ 10—12]. This is
evidenced by the opaque nature of the adjacent sclera — the white

0142-9612/$ — see front matter Crown Copyright © 2010 Published by Elsevier Ltd. All rights reserved.

doi:10.1016/j.biomaterials.2010.08.042



TJ. Duncan et al. / Biomaterials 31 (2010) 8996—9005 8997

of the eye — which like cornea is a collagen-rich connective tissue,
but with a less uniform fibril architecture. The characteristic
collagen fibril arrangement in the cornea is believed to be main-
tained by the influence of different molecular subtypes within
collagen fibrils [13], and by proteoglycan macromolecules which
associate with the collagen and occupy the extrafibrillar space
[9,14,15]. Collagen directionality in the plane of the cornea is also an
important feature of the tissue, and is believed to affect the cornea’s
biomechanical stability [16]. Light scattering by cells called kera-
tocytes, which occupy the stroma and which are interspersed
between the collagen fibrils and lamellae, is minimized by the high
concentration of water soluble proteins called transkeletolase and
aldehyde dehydrogenase type I within the cells [17,18].

The arrangement of collagen has a key role in tissue function
and the formation of a transparent and mechanically robust corneal

stroma. However, the inherent complexity of the tissue’s architec-
ture has meant that it is difficult to produce effective constructs
that mimic corneal structure and function [19,20]. For example,
collagen fibril diameter, fibril spacing and fibrillar alignment,
crucial for the mechanical and optical properties of the corneal
stroma, would need precise regulation in order to successfully
engineer a biomaterial that effectively resembles the stromal
matrix and which has potential applications as a tissue substitute.
At present this is difficult to achieve at the scale required for usable
tissue construct size, although progress is being made [21].

As an alternative to generating a precisely ordered fibrillar
structure, collagen gels have been investigated as possible corneal
replacements. Over the last decade, scaffolds constructed from long
collagen type I fibrils have been studied for use as potential stromal
constructs [22—25]. Though highly biocompatible, these collagen
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Fig. 1. Deacidification of a 10% (w/w) collagen solution through the addition of NaOH. (A) pH changes in the collagen solution upon NaOH addition. (B) Transparency changes in the
collagen solution upon NaOH addition. (C) Photo image. (D) TEM images of collagen solutions using (1) 20 mm, (2) 40 mm, and (3) 60 mm of NaOH. The thickness of specimens in (A),
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collagen solutions. (A) Photo image and (B) transparency of collagen gels made using
different NaOH and crosslinker levels. All samples are 500 pum thick, with a final
collagen concentration of 10% (w/w), and a 2:1 weight ratio of EDC and NHS cross-
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gels are often mechanically instable and have reduced trans-
parency. The effect of including crosslinking agents or glycosami-
noglycans on the mechanical and structural characteristics of
collagen constructs has also been examined [26—29], although we
are still a long way off being able to fabricate and modulate
a fibrillar arrangement using proteoglycan additions. Little atten-
tion, however, has been paid to the structural and mechanical
properties of type I collagen constructs formed at lower pH levels,
the focus of this paper.

At high concentrations, type [ collagen molecules will self
assemble into a liquid crystalline array. By altering the conditions
under which the construct is formed, it may be possible to produce
a biocompatible tissue substitute which can accurately reproduce
the structural and functional capabilities, though not the natural
physiologic microanatomy, of the corneal stroma. In the current
study we utilized atelocollagen, a telopeptide-free collagen mole-
cule solution formed into a gel. To crosslink the gels, we applied
a mixture of ethyl (dimethylaminopropyl) carbodiimide (EDC) and
N-hydroxysuccimide (NHS) because these agents exhibit better
biocompatibility and less toxicity than other crosslinkers such as
glutaraldehyde. By manipulating the molecular assembly of highly
concentrated atelocollagen solutions and optimizing the chemical
environment, we were recently able to produce a transparent and
mechanically stable crosslinked collagen gel using flow manipula-
tion [30], which was well tolerated and incorporated into rabbit
corneal stromas. The current study reports the transparency,
ultrastructural directionality, bi-axial mechanical behavior and
long term tolerance and integration into host tissue.

2. Materials and methods
2.1. Collagen solution and gel preparation

Acid freeze-dried type I porcine atelocollagen powder containing 5% type III
collagen (Nippon Meat Packers) was dissolved at 4 °C in an HCl aqueous solution
(pH 3.0) using a syringe mixing technique [31-34]. Centrifugation overnight at
3500 rpm was used to remove any air bubbles that were present. The pH of the
collagen solution was then tuned to 3.5 by the addition, in an ice-water bath, of
a NaOH 1.0 m aqueous solution using the same syringe mixing method. To create the
gels, collagen solutions were mixed with a crosslinking solution of EDC/NHS
(EDC:NHS = 2:1) until a homogeneous mixture was achieved. The final concentra-
tion of collagen was adjusted to 10% wet weight and that of EDC to 0.6% wet weight.

2.2. Collagen fibril alignment within the gel

Within 3 min of mixing the crosslinking agent with the collagen solution, 0.5 ml
of the mixture was spread onto a glass slide in a 30 mm oval configuration. An elastic
film was then placed on top, and a roller was used to spread the mixture in
a unilateral direction. Silicon rubber spacers placed between the glass slide and the
elastic film regulated the thickness of the gel to 500 pm. Incubation for 12 h at 20 °C
and for 12 h at 37 °C was followed by PBS washing at 4 °C.

2.3. Transparency testing

500 um thick collagen gels, or samples of non-crosslinked atelocollagen, were
placed between two glass slides, separated by 500 pm thick silicon rubber spacers
and held together with Parafilm. At room temperature, the transparency of the gels
was measured using UV/vis-spectroscopy (UV-2550/2450, SHIMAZU, Japan) for
narrow spectral regions centered at 400, 450, 500, 550, 600, 650, and 700 nm.

2.4. Mechanical testing

The mechanical characteristics of the collagen gels were tested in directions
parallel to and at right angles to the direction of flow manipulation. The 500 pm
thick gels were formed into dumb-bell shapes to prevent rupture at the point of
attachment and to provide a larger area on which to attach the apparatus. A
Universal Testing Instrument (EZ Test, SHIMADZU, Japan) was used at a rate of
100 mm/min to measure a rectangular region of the gels approximately 10 mm by
3 mm in size. The stress was measured as a function of strain, and by analyzing the
linear region of the resulting stress-strain curve the elastic modulus of the
constructs was calculated.

2.5. In vivo implantation

Three circular collagen gels with unilateral collagen orientation, 8 mm in
diameter and approximately 135 um thick were implanted into mid-depth stromal
pockets of six male New Zealand White rabbits (2.0—3.5 kg; Kitayama Labs Co.,
Nagano, Japan). To achieve this, the rabbits were anesthetized intramuscularly with
a mixture of ketamine hydrochloride (60 mg/kg; Sankyo, Tokyo, Japan) and xylazine
(10 mg/kg; Bayer, Munich, Germany). A 6 mm-long circumferential incision was
then made at the limbus and a stromal pocket created throughout the cornea at
midstromal depth after which a rolled up gel was inserted and unfolded in situ. The
following gels were implanted: 30 mwm of NaOH with 0.8% EDC concentration, 30 mm
of NaOH with 0.4% EDC concentration, and 10 mm of NaOH with 0.8% EDC concen-
tration. The effect of the three different combinations of NaOH and crosslinker was
assessed by histology and/or transmission electron microscopy at 1 and 6 months
post-operative time points. An ultrasonic pachymeter used to measure the thickness
of the cornea at regular intervals during the post-implantation period. Post-opera-
tively, saline containing antibiotic medication was administered daily. All experi-
mental procedures conformed to the ARVO (Association for Research in Vision and
Ophthalmology) Statement for the Use of Animals in Ophthalmic and Vision
Research and to local ethical rules.

2.6. Transmission electron microscopy

In vitro constructs and corneas which had been implanted with constructs up to
the 6 month time point underwent the same processing routine, which involved
immersion in a primary fixative containing 2.5% glutaraldehyde, 2% para-
formaldehyde, and 1 m sodium cacodylate buffer for 3 h. En-bloc staining in 2%
osmium textroxide and in 0.5% uranyl acetate for 1 h at room temperature was then
followed by dehydration through a series of graded alcohols and propylene oxide,
before embedding in Araldite resin. A Leica EM.UC6 ultramicrotome (Leica, Tokyo)
was used to cut ultrathin sections (approx. 90 nm thick as assessed by the silver/gold
interference colour), which were then mounted onto uncoated 200-square mesh
copper grids. To analyze non-crosslinked collagen, a droplet of collagen in solution
was wiped across the surface of a carbon-coated copper mesh grid. All grids were
sequentially stained at room temperature, face down, on 25 pm droplets of 2% uranyl
acetate, followed by 1% phosphotungstic acid with washes in between and after. A
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Fig. 3. Mechanical properties of collagen gels: (A) Stress measured in a direction parallel to and perpendicular to collagen alignment. (B) Strain measured in a direction parallel to
and perpendicular to collagen alignment. Samples had transparency levels above 70%. All samples were 500 pum thick, with a final collagen concentration of 10% (w/w), and a 2:1

weight ratio of EDC and NHS crosslinking agents.

Hitachi H-7600 TEM (Hitachi, Japan) with a digital camera was used to image
samples.

3. Results

Increasing the amount of NaOH used in the formation of the
collagen solutions increased their pH, but reduced their trans-
parency (Fig. 1). The effect on transparency was not linear however,
with a clear step-change seen at NaOH levels above 40 mwm. Below
40 mm of NaOH, transparency remained approximately constant at
above 80% light transmission. An increase in NaOH concentration
from 40 mwm to 50 mm increased the pH of the solution from 4.05 to
4.29 — a relatively minor change — however, the effect on trans-
parency was a profound, dropping from 82% to 6% light trans-
mission (Fig. 1B). By 60 mm NaOH — the highest used in these
experiments — pH was 4.66 and transparency measured less than
1%. At NaOH concentrations of 40 mwm and below the collagen gels
showed some directionality in flow manipulation. However, it was
only at 60 mwm of NaOH that any fibrils were formed that possessed

the characteristic D-banding, and these resembled large tactoids
reported by others [35,36] (Fig. 1D).

By crosslinking the collagen solution, a gel could be produced. It
is clear from Fig. 2 that as NaOH levels increase, transparency of the
gel decreases similar to the effect on collagen solutions shown in
Fig. 1. Increasing the levels of crosslinking also reduces the trans-
parency of the gel. Consequently, as the amount of NaOH was
increased in the gels, the amount of crosslinking needed to be
reduced accordingly in order to keep desirable levels of trans-
parency (Fig. 2). Crosslinking the collagen solutions, as expected,
had the effect of improving their mechanical stability, increasing
their tensile strength and decreasing the strain at rupture (Fig. 3).
All gels tested for mechanical stability had transparency levels
above 70%. Concurrent with the transparency data presented in
Fig. 2, at higher NaOH levels less crosslinking was required to
produce a mechanically stable gel. For example, similar stress levels
at rupture were seen in gels made with 30 mm NaOH and 0.5% EDC
concentration, as well as in gels made with 40 mm NaOH but which
had received only 0.15% EDC. The improvement in mechanical
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Fig. 4. TEM images of collagen gels at x3500 magnification. All samples were 500 pm thick. Gel conditions are (A) 0 mm NaOH, 1.4% EDC/NHS (B) 10 mm NaOH, 1.0% EDC/NHS (C)
20 mm NaOH, 0.8% EDC/NHS (D) 30 mm NaOH, 0.4% EDC/NHS (E) 40 mm NaOH, 0.15% EDC/NHS (F) 50 mm NaOH, 0.1% EDC/NHS (G) 60 mum NaOH, 0.1% EDC/NHS. Black arrows in

micrograph indicate tactoids.

strength that accompanied crosslinker addition responded to
smaller rises in crosslinker percentage as NaOH levels were
increased. For example, 0 mm NaOH gels showed a close-to-
doubling in tensile strength (from 0.75 N/m? to 1.32 N/m?) when
the crosslinker concentration was increased by 0.2%. However, in
40 mm NaOH gels, a similar magnitude rise in tensile strength (from
0.57 N/m? to 1.22 N/m?) was achieved through just a 0.05% increase
in crosslinker concentration (Fig. 3). This data also implies that
a uniaxial alignment of collagen during gel formation using the
flow manipulation approach influences the mechanical behavior of

the constructs. For example, the tensile strength of gels tested was
approximately three fold higher in a direction parallel to the axis of
the collagen than in the perpendicular direction. Strain levels,
moreover, were approximately doubled when tensile loading was
applied in a direction at right angles to the collagen long axis, than
when loaded along the collagen axis. Using increased levels of
crosslinker reduced the level of strain at rupture, whilst higher
levels of NaOH caused greater levels of strain (Fig. 3).
Transmission electron micrographs of the gels were taken at
each different NaOH condition used: 0 mm, 10 mm, 20 mm, 30 mw,
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10mM NaOH, 30mM NaOH,
0.8% EDC/NHS 0.4% EDC/NHS
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4 Months
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0.8% EDC/NHS Control

Gel pocket

Fig. 5. Six month implantation of collagen gels into rabbit intra-stromal pockets. Collagen gel dimensions were 8 mm in diameter and 100200 pum in thickness.

40 mm, 50 mm and 60 mm. This revealed that as NaOH levels
increased there was a progressive condensation of the collagen
within the gel into progressively longer filamentous structures
(Fig. 4). At pH 2.6 (i.e. with 0 mm of NaOH) the collagen was present
in the gel as a loose matrix with little clear ultrastructure.
Increasing the pH to 3.08 using 10 mm of NaOH resulted in the
formation of aggregates or bundles of collagen with a clear direc-
tionality because of the flow manipulation used in the gel manu-
facture and which is manifest in preferential strength along the axis
of the collagen. Repeated addition of 10 mm NaOH increased the pH
of the gels to 3.42, 3.73 and 4.05, respectively. This resulted in the
formation of increased levels of aggregation (Fig. 4), and at a pH of
4.29 using 50 mm of NaOH the collagen was organized into more
compact bundled structures than was the case for the 30 mm or
40 mmM NaOH gels (Fig. 4). More mature fibrils, demonstrating
a characteristic D-periodicity banding pattern, could only be seen in

gels made with 60 mwm of NaOH, as was the case for the collagen in
solution (Fig. 1D).

Collagen gels made with different NaOH/crosslinker combina-
tions are all well tolerated when implanted into mid-depth rabbit
corneal intra-stromal pockets with no sign of inflammation or
rejection. The three different gel types all show good biocompati-
bility and transparency up to 6 months post-operatively (Fig. 5). In
the immediate post-operative period the thickness of the operated
corneas measured by ultrasonic pachymetry (Fig. 6) is significantly
increased due to a combination of the addition of extra material in
the stroma and to the intrusive nature of the surgical procedure
itself — i.e. the sham operated pocket-only cornea is approximately
150 um thicker after surgery indicating that the stroma does not
immediately revert to normal. One week after surgery, however,
the control surgical cornea has returned to near normal thickness,
whereas the implanted corneas all remain significantly thicker than
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Fig. 6. Rabbit corneal thickness measurements following implantation of collagen gels
into midstromal rabbit pockets. Collagen gel dimensions were approximately 8 mm in
diameter.

pre-implant values (Fig. 6A). A subsequent reduction in corneal
thickness of the construct-implanted corneas over the following
several months suggests that there may be some incorporation,
remodeling or digestion of the gels by the host tissue. It was notable
from the thickness measurements, however, that the 30 mm NaOH
gel crosslinked with 0.8% EDC appears to have resisted the diges-
tion more than the other gel types over the implantation period.

The incorporation, remodeling or digestion of implanted gels
was confirmed by histological analysis (Fig. 7). In all cases, the
30 mm NaOH, 0.8% EDC/NHS gel was prominent in the host tissue,
even 6 months after implantation. Moreover, some oedema seems
to have occurred in the anterior region stroma above this implant
by this time point possibly due to a restriction in the diffusion of
metabolites through the stroma. The 30 mm NaOH, 0.4% EDC/NHS
gel is still evident in the stroma 6 months post-implantation, but no
anterior stromal oedema seems to have occurred in this case. The
10 mm NaOH gel was the least retained of the gels tested, with
minimal gel remaining 1 month after implantation.

TEM analysis of the implanted gels in situ showed that the
invasion of host cells into the gels was often accompanied by
remodeling or digestion of the gels (Fig. 8). Despite the gels being
crosslinked during their fabrication, their morphological
appearance changed after prolonged placement within the host
tissue. A relatively high level of collagen fibril formation could be
seen in the 30 mwm/0.8% gel after 6 months of implantation
compared to the 1 month time point, suggestive of a progression
in fibrillogenesis during the implantation period. Similar to the
results seen in Fig. 4, the morphological properties of the gels in
situ does vary depending on the ratio and amounts of NaOH and

crosslinkers used during their production — with lower NaOH
and crosslinker levels producing a gel with a less well defined
matrix of more loosely associated collagen filaments. In agree-
ment with histological observations (Fig. 7), the 10 mm NaOH,
0.8% EDC/NHS gel was not observed in the stroma at the time of
sacrifice. Only at 1 month post-implantation could any remnants
of this gel be found under TEM analysis (Fig. 8). Cellular infil-
tration was also more prevalent in the 10 mwm/0.8%, and 30 mwm/
0.4% gels.

4. Discussion

The data presented here shows the critical importance if
producing a suitable chemical environment if we are to fabricate
a functional and implantable gel-like biomimetic collagen
construct for use in corneal surgery. The changes in light trans-
mission in the collagen solutions with varying pH demonstrate that
a critical point is reached just above pH 4.0, after which the pH has
a highly detrimental effect on the transparency of the collagen
solutions. A similar pattern of reduced light transmission with
higher NaOH levels was seen for the crosslinked collagen gels, but
in this case the situation was less straightforward because at
identical pH levels, light transmission was differently affected
depending on the amount of chemical crosslinker used. Not
inducing sufficient crosslinking, however, would result in
a mechanically unstable gel, thus it was necessary to find a balance
between these two factors in order to produce a robust, flexible and
usable transparent gel. Based on these initial experiments, gels
judged to be potentially suitable for grafting into living tissue were
chosen as 30 mm NaOH with 0.8% EDC, 30 mm NaOH with 0.4% EDC,
and 10 mm NaOH with 0.8% EDC.

Crosslinking, as expected, enhanced the mechanical strength of
the collagen gels — improving tensile strength in a direction parallel
to collagen alignment, and improving the elastic properties of the
gels in a perpendicular direction. Interestingly, the elastic proper-
ties of the gels parallel to the flow direction were found to be
similar to those of human corneal tissue (3.81 & 0.40 N/mm? in
tensile strength [37], 3—13 N/mm? in Young’s modulus [38]).

Constructs formed under increasingly basic conditions demon-
strated greater stress and strain levels at rupture in both the plane
parallel to, and the plane perpendicular to, the collagen axis. The
observation that the stress—strain relationship is a function of pH
has been reported in numerous other studies involved collagen
hydrogels [39,40]. In these published studies, the length and
diameter of the forming collagen fibrils, along with their organi-
zation, had a dramatic impact on the mechanical properties of the
constructs. For example, Parry has shown that increased levels of
small diameter collagen fibrils protect tendon tissue structure from
plastic deformation [41]. Roeder and associates have also reported
that an increased pH had the effect of increasing fibril length and
decreasing fibril diameter, which in turn improved the mechanical
properties of the collagen matrices [40]. It has been suggested that
fibril length has a greater influence on the viscoelastic properties
than does fibril diameter [40,41]. In particular the longitudinal
fusion of fibril subunits increases the resistance to high strain level
deformation. The lateral fusion of fibril subunits also has an impact
on mechanical properties, but this was found to be specific to low
strain level deformation resistance [39].

TEM images of the gels produced here show that the diameter of
the condensing collagen structures appears to decrease as pH
increases. Research by others which has focused on the later stages
of fibril assembly at higher pH levels, have also observed similar
results [39,42]. In our micrographs a range of subfibrillar inter-
mediates could be identified - from a largely disorganized matrix of
collagen molecules, through intermittent molecular aggregations,



TJ. Duncan et al. / Biomaterials 31 (2010) 8996—9005 9003

1 Month Post-implantation
A Sham-operated

6 Months Post-implantation
E Sham-operated

Fig. 7. 1 and 6 months post-implantation. Rabbit corneal cross sections with various collagen gels implanted into an intra-stromal pocket. Black arrows indicate the posterior
surface of the implant. A: Control, B: 30 mm NaOH 0.8% EDC/NHS, C: 30 mm NaOH 0.4% EDC/NHS, D: 10 mm NaOH 0.8% EDC/NHS 1 month post-implantation. E: Control, F: 30 mm
NaOH 0.8% EDC/NHS, G: 30 mm NaOH 0.4% EDC/NHS, H: 10 mm NaOH 0.8% EDC/NHS 6 months post-implantation.

to the formation of progressively condensing filamentous struc-
tures. At the lower pH levels, the condensing collagen filaments
resembled the pathologically unraveling collagen fibrils that are
found in necrotizing scleritis [43]. Higher pH levels resulted in the
formation of tactoid-like structures [35] that possessed D-periodic
banding. Similar results have been observed by other investigators,
however, no fully mature collagen fibrils were observed in their
studies [44]. In vitro, mature collagen fibrils that possess the char-
acteristic D-banded periodicity occur when fibrillogenesis is carried
out under greater pH levels [32,45—-47].

The TEM images show that at NaOH levels above 40 mw, the
filament structures within the gels demonstrate a high degree of
compaction, and have associated into groups. Subsequently, the
matrix of the gel appears considerably more heterogeneous. It may
be that a fairly uniform refractive index within the gels was
responsible for low levels of light scattering in the construct and the
resultant good transparency. Loss of this ultrastructural uniformity
might be responsible for the subsequent reduction in transparency.

Previous in vivo studies have shown that crosslinked collagen
gels possess satisfactory biocompatibility for integration into



9004 TJ. Duncan et al. / Biomaterials 31 (2010) 8996—9005

1 Month Post-implantation

1500nm ¢

6 Months Post-implantation

"

Fig. 8. 1 and 6 months post-implantation. TEM images at x6000 magnification, of rabbit corneal stroma with various collagen gels implanted into an intra-stromal pocket. Before
implantation the gel had a final collagen concentration of 10% (w/w).Asterisks indicates collagen gel implant. Black arrow indicates boundary between host stroma and gel implant.
White arrow indicates invading host stromal cell. A: 30 mm NaOH 0.8% EDC/NHS, B: 30 mm NaOH 0.4% EDC/NHS at 1 month post-implantation. C: 30 mm NaOH 0.8% EDC/NHS, D:
30 mm NaOH 0.4% EDC/NHS at 6 months post-implantation.10 mm NaOH, 0.8% EDC/NHS gel was no longer present in the stroma at 6 months post-implantation.

stromal tissue and re-growth of host epithelial cells [32—34,48].
Our findings support the potential use of collagen-based constructs
for clinical use as corneal stromal implants. The enhanced stability
of the 30 mm NaOH, 0.8% EDC crosslinked gel within the intra-
stromal pocket suggests that higher crosslinker levels, when
coupled with greater levels of collagen fibrillogenesis, delay the
digestion or degradation of the construct. However, the detrimental
effect that these levels have on transparency of the gel must be
taken into consideration. In addition, oedma in the anterior stroma
suggests that the most stable gel (30 mm of NaOH, 0.8% EDC/NHS)
may act as a barrier, preventing the endothelial pump from prop-
erly regulating anterior stromal hydration.

5. Conclusions
It is clear that within our constructs the assembly of type I

collagen molecules can be manipulated over a wide pH range. In
addition, even minor changes in the environmental conditions of

the gels (such as pH), dramatically affects the optical and
mechanical properties of the constructs. It was therefore necessary
to establish a balance between the solution pH and crosslinker
concentration. Nevertheless, whilst in vitro analysis can highlight
the fundamental processes that govern fibrillogenesis, we must be
careful to observe the limitations of any comparisons made to
natural collagen assembly, as the complex arrangement of kerato-
cytes and ECM macromolecules creates a unique and influential
environment that cannot currently be replicated in vitro. In vivo
implantation of the hydrogels into intra-stromal pockets demon-
strated favourable biocompatibility, and highlighted the effect of
higher levels of both fibrillogenesis and crosslinking on increased
long term survival of the gels. Further work will be aimed at
enhancing the optical and mechanical properties of the gels, and
improving their long term in vivo characteristics through the
addition of other ECM molecules. Presently, the optically trans-
parent crosslinked collagen gels used in this study provide a basis
for the future production of more complex biomimetic stromal
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constructs utilizing orthogonally stacked layers of aligned collagen.
The gels used in this study have potential clinical use as drug
carriers, as protective membranes for corneal surface damage, and
stromal implantation for tissue replacement and regeneration.
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Phakic Intraocular Lens for Keratoconus Jot
| E— |

Dear Editor:

Keratoconus is a progressive disorder that is characterized
by central/paracentral thinning and protrusion of the cornea,
causing myopic astigmatism. However, laser in situ kera-
tomileusis is contraindicated for keratoconus eyes because it
can induce keratectasia.! A phakic intraocular lens (PIOL)
can be used to correct myopic astigmatism. The efficacy
and safety of PIOL implantation for highmyopic has been
studied.?> Herein, we report the outcomes of iris-claw
PIOL implantation in eyes with keratoconus.

The study protocol was approved by the institutional review
board of the Minamiaoyama Eye Clinic. Thirty-six eyes of 24
patients (13 males and 11 females, 41.8+7.8 year old,
—8.61 * 3.21 D), who underwent PIOL implantation between
May 2005 to December 2007, were enrolled. Thirty-two eyes
were diagnosed as keratoconus and 4 eyes were diagnosed as
pellucid marginal degeneration by videokeratography indices
(TMS-IV, Tomey, Aichi, Japan; and OPD-10000, Nidek, Ai-
chi, Japan). Patients with endothelial cell counts less than
1500/mm?, anterior chamber depths less than 3.0 mm, previous
eye surgeries, or other eye diseases were excluded. The toric
5/8.5 lens model was implanted in 15 eyes, the Artiflex 6/8.5
in 10 eyes, and the Myopia 6/8.5 in 11 eyes.

We performed a single laser iridotomy on the peripheral
iris at 1 or 11 o’clock at least 1 week prior to the PIOL
implantations. Corneoscleral incisions of 6.0 or 6.5 mm for
implantation of ARTISAN Myopia or Toric lens models, or
a 3.4-mm limbal incision for the Artiflex lens were centered
at 12 o’clock. The PIOL was inserted into the anterior
chamber, and fixed onto the midperiphery of the iris based
on the manufacturer’s instructions.

Postoperative examinations were performed on 1 day, 1
week, 1 month, 3 months, 6 months, and 1 year after
surgery. For the statistical analysis, analysis of variance, a
paired t test and Dunnett test were used. A P value less than
0.05 was considered statistically significant.

Preoperative uncorrected visual acuity logarithm of the
minimum angle of resolution (UCVA), 1.39+0.42, improved
to 0.07+0.26 on 1 day, 0.04£0.20 at 1 week, 0.0220.21 at 1
month after surgery, and showed no significant change there-
after (P<<0.001 at all postoperative examination points; Fig 1;
available at http://aaojournal.org). The best spectacle corrected
visual acuity (BSCVA) at 1 year after surgery improved by 4
lines in 1 eye (2.8%), 2 lines in 4 eyes (11.1 %), 1 line in 9 eyes
(25.0 %), unchanged in 19 eyes (52.8 %), and decreased 1 line
in 3 eyes (8.3 %) from the preoperative value (Fig 2; available
at http://aaojournal.org). The safety index (postoperative
BSCVA/preoperative BSCVA) was 1.16+0.31 and the effi-
cacy index (postoperative UCVA/preoperative BSCVA) was
0.87+0.31 at 1 year after surgery.

Preoperative manifest refraction (spherical equiva-
lents), —8.38+3.42 D (—3.0 ~ —17.875 D) improved to
—-0.39+091 D (=3.75 ~ +2.00 D) at 1 week,
—0.42+0.89 D (—3.625 ~ +2.00 D) at 1 month, and
showed no significant change thereafter (P<<0.001 at all
postoperative examination points; Fig 3; available at
http://aaojournal.org). Manifest refraction at 1 month
postoperatively was within 0.5 D of the target refraction
in 35 eyes (63.6 %), 1.0 D in 46 eyes (83.6 %), and 2.0
D in 53 eyes (96.4 %). Preoperative astigmatism,
2.44+2.25D (0 D ~ 8.0 D), improved to 0.93=0.97 D
(0 ~ 3.5 D) at 1 week, 0.620.69 D (0 ~ 2.5 D) at 1
month, and was stable thereafter.

Except for that 1 eye required resuturing of the wound
1 week after surgery because of wound recession, no
intra- and postoperative complications were observed in
the follow-up period. Intraocular pressure and central
corneal endothelial count was stable and showed no
significant change after surgery.

Approximately 86 % of patients answered “satisfied” or
“very satisfied” with PIOL implantation at 1 year postoperative
examination (Fig 4; available at http://aaojournal.org).

In summary, the 1 year results indicate that PIOL
implantation for keratoconic eyes is predictable and ef-
fective, and PIOL implantation is one good means for
correction of refractive error of keratoconus when
BSCVA is not affected.

Naoko Kato, MD

Ixuko Toba, MD

Yosuiko Hori-Komal, MD
CHIKAKO SAKAIL, BS
Hirovukr Aral, MD
Kazuo TsuBoTta, MD
Tokyo, Japan
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Figure 1. Changes in uncorrected visual acuity (UCVA) after phakic
intraocular lens (PIOL) implantation. Uncorrected visual acuity (the
logarithm of minimum angle of resolution) is significantly improved at 1
day after surgery, and stable until 1 year after surgery (P < 0.001 at all
postoperative examination). D = day; M = month; W = week; Y = year.
*P < 0.05 compared to the preoperative value.
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Figure 2. Changes in best corrected visual acuity (BSCVA) at 1 year after
phakic intraocular lens (PIOL) implantation. The BSCVA improved more
than 2 lines in 1 eye (2.8%), 2 lines in 4 eyes (11.1%), 1 line in 9 eyes
(25.0%), was unchanged in 19 eyes (52,8%), and decreased 1 line in 3 eyes
(8.3%).
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Figure 3. Changes in manifest refraction after phakic intraocular lens
(PIOL) implantation. Manifest refraction is decreased shortly after surgery
and stable up to 1 year (P < 0.001 at all postoperative examination points
compared to preoperative value). *P < 0.05 compared to the preoperative
value. W = week; M = month; Y = year.
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Figure 4. Patient satisfaction at the final examination points. Eighty-six
percent of patients answered satisfied or very satisfied with phakic intra-
ocular lens (PIOL) implantation at 1 year postoperative examination.
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Topography-Guided Conductive Keratoplasty: Treatment
for Advanced Keratoconus

NAOKO KATO, IKUKO TODA, TETSUYA KAWAKITA, CHIKAKO SAKAI, AND KAZUO TSUBOTA

® PURPOSE: To evaluate the use of topography-guided
conductive keratoplasty in eyes with keratoconus.

® DESIGN: Interventional case series.

® METHODS: We examined 21 eyes in 21 patients with
advanced keratoconus. Topography-guided conductive
keratoplasty was performed with intraoperative monitor-
ing of corneal astigmatism using a surgical keratometer.
Uncorrected visual acuity (UCVA), best spectacle-cor-
rected visual acuity (BSCVA), corneal topography, man-
ifest refraction, intraocular pressure (IOP), corneal
endothelial cell counts, complications, and eventual out-
comes were evaluated.

® RESULTS: UCVA (logarithm of the minimal angle of
resolution [logMAR]), which was 1.65 * 0.49 preoper-
atively, improved to 1.04 = 0.64 at 1 week (P < .001)
and 1.12 % 0.61 at 1 month after surgery (P < .001).
BSCVA, which was 1.02 *= 0.56 preoperatively, im-
proved to 0.76 % 0.65 at 1 week (P = .026) and 0.76 =
0.60 at 1 month after surgery (P = .003). Manifest
refraction, which was —15.13 %= 6.66 diopters (D)
before surgery, declined to —9.97 = 6.71 D at 1 month
after surgery (P = .002). Although corneal topography
reverted to the preoperative pattern and UCVA and
BSCVA also regressed toward preoperative values, 12 of
21 eyes were better able to tolerate and conduct normal
daily activities using contact lenses. Five subjects have
undergone or are considering corneal transplantation
after unsatisfactory postoperative results. No serious
perioperative complication was observed.

® CONCLUSIONS: Topography-guided conductive kerato-
plasty may be effective in reshaping corneal configuration in
eyes with keratoconus, without serious complications, and
possibly contributed to avoiding or delaying corneal transplan-
tation.  (Am J Ophthalmol 2010;150:481-489. © 2010 by
Elsevier Inc. All rights reserved.)

acterized by central or paracentral thinning and
protrusion of the cornea. Keratoconus is usually
diagnosed in the second or third decade of life, and as long
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as the disease is mild to moderate, the refractive error is
typically corrected by wearing spectacles or contact lenses.
However, as the disease progresses, correction with contact
lenses becomes impossible in some patients.

Surgical approaches for advanced keratoconus have long
been limited to corneal transplantation. Excimer laser—as-
sisted corneal refractive surgery is relatively contraindicated
for keratoconus eyes, because it can induce keratectasia
postoperatively, resulting in more severe protrusion of the
cornea, exacerbation of irregular astigmatism, and decreased
visual acuity, especially after laser in situ keratomileusis.'

Recently, additional surgical options for keratoconus
have been proposed. Corneal cross-linking, which is the
instillation of riboflavin solution followed by ultraviolet A
(UVA) irradiation, halts the progression of keratoconus.*
Implantation of phakic intraocular lenses (IOL)’ is also
effective in the correction of refractive errors in eyes with
keratoconus;®’ however, it is only appropriate for mild-to-
moderate cases with good best spectacle-corrected visual
acuity (BSCVA). The insertion of intracorneal ring seg-
ments can improve the uncorrected visual acuity (UCVA)
of eyes with mild keratoconus and improve the BSCVA of
eyes with moderate-to-advanced keratoconus.® >

Conductive keratoplasty (CK)'*7'¢ is a novel method to
reshape corneal configuration using radiofrequency energy.
The efficacy of CK is attributed to the electrically conduc-
tive properties of the corneal stroma. The high-frequency
energy is delivered to the cornea through a thin probe that
penetrates 90% of the corneal stroma. The resistance to
current flow through the tissue generates heat, resulting in
a homogeneous thermal footprint, with controlled shrink-
age of the surrounding collagen lamellae. For the correc-
tion of hyperopia or presbyopia, thermal spots placed on
the mid-peripheral cornea cause a “belt-tightening” effect,
which increases the curvature of the central cornea,
inducing myopic shift.

The use of CK for modeling of the keratoconic cornea
has previously been reported by 2 clinicians. Alié and
associates' reported 3 cases of keratoconus or post-LASIK
keratectasia that showed an improvement in visual acuity
(1 or 2 lines) in response to CK, alone or in combination
with intracorneal ring segments. Lyra and associates'® re-
ported treatment results for 25 eyes with keratoconus, in
which 8 or 16 thermal spots were placed at 4.0 and 5.0 mm
in the optical zone. The authors reported that BSCVA
improved about 4 lines and manifest refraction improved 1 to

© 2010 BY ELSEVIER INC. ALL RIGHTS RESERVED. 481



FIGURE 1. An example of topography-guided conductive keratoplasty for keratoconus. (Left) Thermal spots were placed according
to preoperative corneal topography and intraoperative monitoring of corneal configuration, showing (Right) concentric reshaping in

the inferior protruded area of the cornea.

FIGURE 2. The keratoring for topography-guided conductive keratoplasty and its intraoperative use. (Top) A white ring with a
handle was used to grossly assess the shape of the papillary area of the cornea during the surgery. The corneal shape was assessed
by the reflex of the ring on the corneal surface. Note that (Bottom left) the white reflex (yellow arrows) of the ring is an ellipse
before surgery, (Bottom right) becoming circular after topography-guided conductive keratoplasty.

3 diopters (D). Both investigators placed thermal footprints at
regular intervals on the concentric ring in most cases.

We performed CK on the keratoconic cornea using a
modified procedure. The tip of the delivery probe was
placed more proximal to the pupillary center, approxi-
mately 3 to 5 mm in diameter. The pattern of application
was modified according to the preoperative and intraoper-
ative corneal shape. In most cases, the thermal footprints
generated were concentrated in the inferior area of the
cornea, where most of the protrusion occurs in the kera-

482 AMERICAN JOURNAL OF OPHTHALMOLOGY

toconic cornea, resulting in flattening of the curvature
and alignment of the cornea, according to individual
corneal shape (Figure 1). We named this modified CK
procedure topography-guided conductive keratoplasty.
Topography-guided conductive keratoplasty was suc-
cessful in reshaping the irregularity of advanced kerato-
conus quite effectively, reducing irregular astigmatism
and improving visual acuity.

In this manuscript, we report our experience using
topography-guided conductive keratoplasty for adva-

(OCTOBER 2010



TABLE. Patients’ Preoperative Profiles and Outcomes of Topography-Guided Conductive Keratoplasty

Postop Best Postop Best Postop Kave Outcome at the Final Examination
Previous Preop Preop Preop Achieved UCVA  Achieved BSCVA (Same Time Point Point
Case Age Gender Surgery UCVA BSCVA Preop MR Kave  (Time After TGCK) (Time After TGCK) as BSCVA) (Time of Final Evaluation)
1 27 M — 17 0.8 -180 61.75 0.4 (1 wk) 0.0 (6 mo) 60.93 CT(2y)
2 23 M — 14 04 -12.0 61125 1.2(1d) 0.2 (3 mo) 52.5 CL(1y)
3 17 M — 04 -01 -120 49875  0.5(1wk) ~0.1 (6 mo) 46.125 CL(y)
4 28 M — 1.7 1.0 -9.0 50625 0.2 (1 wk) 0.0 (1 wk) 43.125 CL(1y)
5 32 M ICRS 1.2 1.0 —-12.0 57.00 0.5 (1 wk) 0.5 (1 wk) 37.875 (1 mo)
6 42 M 1oL 1.3 1.0 —-23.0 68.875 1.1 (1 wk) 0.8 (1 wk) 54,755 Repeated TGCK, CT (6 mo)
7 20 M —_ 1.7 0.7 -10.0 44.02 1.0 (1 wk) 0.7 (1 wk) 32.155 CT (6 mo)
8 27 M — 1.7 0.4 -10.875 56.75 0.7(1d) 0.0 (1 mo) 49.215 (6 mo)
9 26 M —_ 2.0 2.0 0 58.25 0.7(1d) 0.4 (1 mo) 57.5 CL (3 mo)
10 44 M —_ 1.7 0.7 -21.75 43.79 1.0 (1 wk) 0.7 (1 mo) 33.6 Repeated TGCK, CL (1y)
11 583 M — 1.4 0.5 —-17.0 47.765 0.1 (1 wk) 0.1 (1 wk) 50.0 (83 mo)
12 19 F — 1.4 04 -6.5 62425 0.1 (1 wk) 0.1 (1 wk) 49.25 Repeated TGCK, CL (1y)
13 45 M _— 2.0 14 -140 62.935 1.4 (1 mo) 0.3 (6 mo) 52.33 CL(1y)
14 45 M == 2.0 1.7 -285 52.105 20(1d) 1.0(1y) n.m. CL(1y)
15 29 M —_ 1.7 1.4 -6.25 69.085 1.2(1d) 1.5 (1 mo) 53.485 Repeated TGCK (6 mo)
16 3 M — 1.0 05 —75 47.625 0.2 (1 mo) 0.0 (1 wk) 39.25 CXLat2mo (1Y)
17 48 M — 2.0 1.5 —-18.0 47.95 20(1d) 0.8 (3 mo) 48.28 Repeated TGCK, CT (6 mo)
18 37 M 10L 15 12 -17.0 56.88 0.3 (6 mo) 1.0 (1 wk) 46.5 CL (3 mo)
19 28 M — 1.7 1.7 0 39.05 0.8(1d) 0.8 (1 wk) 565.455 CL, (CT) (3 mo)
20 61 M — 2.0 14 -28.0 61.125 1.5(1d) 1.3 (3 mo) 64.24 CT(1y)
21 27 M — nm. 17 -160 nm. 1.7(1d) 1.5 (1 wk) 53.75 CL (6 mo)

BSCVA = best spectacle-corrected visual acuity; CL = performing normal daily activities with contact lenses; CT = corneal transplant;
(CT) = waiting for corneal transplant; CXL = corneal cross-linking; d = day; F = female; ICRS = implantation of intracorneal ring segments;
IOL = cataract extraction and intraocular lens implantation; Kave = average keratometric value; M = male; mo = months; MR = manifest
refraction; n.m. = not measured; Postop = postoperative; Preop = preoperative; TGCK = topography-guided conductive keratoplasty; UCVA

= uncorrected visual acuity; wk = week; y = year.

nced keratoconus, and we also discuss its indications
and unsolved issues and possible solutions regarding this
method.

METHODS

® PATIENTS: Twenty-one eyes in 21 patients (20 male, 1
female; mean age, 34.7 = 11.7 years; subjective refraction:
—15.13 = 6.66 D) with advanced keratoconus were
enrolled. All patients were referred to or visited our
institutes for corneal transplants because of extreme pro-
trusion of the comea and subsequently poor corrected
visual acuity and/or contact lens intolerance. Two eyes had
previously undergone cataract extractions and IOL im-
plantations, and 1 eye had previously undergone the
implantation of intracorneal ring segments.

® KERATOCONIC CONDUCTIVE KERATOPLASTY PROCE-
DURE: The ViewPoint CK System (Refractec, Inc, Irvine,
California, USA) consists of a radiofrequency energy—
generating console; a hand-held, reusable, pen-shaped
hand piece attached to a removable cable and connector;
a foot pedal that controls the release of radiofrequency

VoL. 150, NO. 4

energy; and a speculum that provides a large surface for the
electrical return path.'> A single-use, disposable, stainless-
steel keratoplast tip is attached to the probe (Refractec,
Inc); this tip delivers the current directly to the corneal
stroma. The radiofrequency generator (RCS-200, Re-
fractec, Inc) emits macropulses up to 1 second in duration.
Each macropulse consists of micropulses, which are essen-
tially 350-kHz sinusoidal waveforms. The amplitude of a
set of micropulses is varied by changing the power setting
on the CK unit. Typical clinical settings are 60% power
(eg, 200 volt peak-to-peak) and 600-ms macropulse
duration.

All surgeries were performed by the same surgeon (K.
Tsubota), who was certified by Refractec, Inc. After the
instillation of 4% xylocaine eye drops as topical anesthesia,
the topography-guided conductive keratoplasty procedure
was performed. The delivery probes were placed to make
thermal spots, while simultaneously monitoring intraoper-
ative changes using a keratoring (Handaya Co Ltd, Tokyo,
Japan). The surgeon preplanned the spot placement pat-
tern according to the topography map before surgery.
Then, after making several initial spots, the surgeon
examined the corneal configuration using the keratoring
(Figure 2). When the configuration of keratoring was not
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