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ABSTRACT

PURPOSE: To describe a novel technique for cutting asym-
metric allogenic segments using the femtosecond laser for
the management of cases of keratoconus with non-coinciding
astigmatism and coma axes.

METHODS: Four eyes of 2 patients with irregular keratoconus and
asymmetric allogenic segments were included. Visual, refractive,
tomographic, and aberrometric outcomes, and optical coher-
ence tomography (OCT) sections were measured preoperatively
and 6 months postoperatively. Evaluations included slit-lamp ex-
amination, manifest refraction, uncorrected (UDVA) and corrected
(CDVA) distance visual acuity, and simulated and maximum ante-
rior keratometry (Kmax) using anterior segment OCT.

anagement of keratoconus entails regulariza-

tion of the corneal surface by targeting irregular
stigmatism and higher order aberrations in-

duced by the cone. Intrastromal corneal ring segments
(ICRS) have been widely used for this purpose and have
even become an alternative to corneal transplants in
patients with clear corneas. Although synthetic poly-
methylmethacrylate (PMMA) segments have been used,
corneal allogenic intrastromal ring segments (CAIRS)
emerged with safe and effective results.’? Their allogenic
nature allows them to be inserted at a significantly shal-
lower depth compared to PMMA segments, with less
risk of developing corneal melt or acute stromal necrosis.

RESULTS: Spherical and cylindrical refractive errors de-
creased from -2.38 + 2.96 and -2.94 + 2.16 to -1.81 + 2.77 (P
= .04) and -1.75 + 2.07 (P = .01) diopters (D], respectively, 6
months postoperatively. There was an average gain of three
lines of CDVA. Kmax decreased from 50.02 + 1.99 to 47.89 +
3.05 D (P=.03] and coma from 1.05 + 0.21 to 0.21 + 0.19 D (P
=.01).

CONCLUSIONS: Asymmetric femtosecond laser-cut allogen-
ic segments allow a higher level of customization based on
size, shape, and arc length, in contrast to the limited range of
available synthetic asymmetrical segments.

[J Refract Surg. 2023;39(12):856-862.] D™

The dedicated double-bladed trephine (Jacob CAIRS
trephine; Madhu Instruments Pvt Ltd) is used to cut
CAIRS from donor corneoscleral rims; however, this man-
ual technique offers limited flexibility in terms of segment
size and shape, because the full depth trephination yields
one of two uniform thickness segments: 750 or 500 pm.

This creates a challenge for surgeons, especially
when managing asymmetric cones such as those clas-
sified as type 2 keratoconus, known as the “Duck phe-
notype,” which is characterized by non-coinciding
astigmatism and coma axes.? Placing a uniform thick-
ness segment in this case flattens the cone on one side
but increases astigmatism on the other. To overcome

From the Department of Ophthalmology, Corneal and Refractive Surgery Division, American University of Beirut Medical Center, Beirut,
Lebanon (YB, JEG, STA); Faculty of Medicine, American University of Beirut, Lebanon (JFA); Ziemer Ophthalmic Systems, Port, Switzerland
(FM); Dr. Agarwal’s Eye Hospital, Chennai, India (S]); ELZA Institute, Zurich, Switzerland (FH); and Faculty of Medicine, University of Geneva,
Geneva, Switzerland (FH).

© 2023 Bteich, Assaf, Gendy, et al; licensee SLACK Incorporated. This is an Open Access article distributed under the terms of the Creative
Commons Attribution 4.0 International (https://creativecommons.org/licenses/by/4.0). This license allows users to copy and distribute, to remix,
transform, and build upon the article, for any purpose, even commercially, provided the author is attributed and is not represented as endors-
ing the use made of the work.

Submitted: July 19, 2023; Accepted: October 18, 2023

Disclosure: Dr. Miiller is an employee at Ziemer Ophthalmic Systems. Dr. Jacob holds a patent for the special trephine and has a patent pending for
other devices and processes used to create these segments; Madhu Instruments, Ziemer Ophthalmic Systems. Dr. Awwad is a consultant for Ziemer
Ophthalmic Systems AG, Port, Switzerland. The remaining authors have no financial or proprietary interest in the materials presented herein.

Corresponding author: Shady T. Awwad, MD, Department of Ophthalmology, Corneal and Refractive Surgery Division, American University of
Beirut Medical Center, Beirut, Lebanon. Email: sawwad@gmail.com

doi:10.3928/1081597X-20231018-04

856



this, asymmetric segments of PMMA nature were
made available with effective results,**® albeit with a
limited degree of customization.

Femtosecond laser technology is an automated method
for cutting allogenic segments and allows for precise and
repeatable graft preparation with the additional use of the
intraoperative optical coherence tomography (OCT) sys-
tem; the depth of the insertion tunnels can be precisely
adjusted to pachymetry and any local corneal irregulari-
ties. This technique enables true customization by creat-
ing symmetric or asymmetric shapes with varying thick-
ness, width, and arc length. In this way, individualizing
treatment becomes achievable without the need for main-
taining extensive inventories of pre-shaped segments.

We describe a novel technique of cutting asymmetric
allogenic segments using the femtosecond laser and pres-
ent the visual, refractive, tomographic, and aberrometric
outcomes of 4 eyes with irregular keratoconus treated
with asymmetric segments prepared in situ with the use
of a femtosecond laser. This technique ensures accurate
segment size after cutting and allows customization for
better management of atypical keratoconus cases.

PATIENTS AND METHODS

This case series included 4 eyes of 2 patients with a
diagnosis of keratoconus with a Duck or Duck-variant
phenotype managed with asymmetric femtosecond
laser—cut CAIRS between May 2022 and March 2023
at the Department of Ophthalmology, American Uni-
versity of Beirut Medical Center. All surgeries were
performed by the same surgeon (STA).

Both patients were intolerant to rigid gas perme-
able lenses and had clear corneas with a thickness of
at least 400 pm. Neither of the patients had a history
of intraocular surgeries or autoimmune/connective
tissue diseases. Diagnosis and classification of Duck
phenotype keratoconus was made according to the
Fernandez-Vega Alfonso classification.® The study
was approved by the Institutional Review Board of the
American University of Beirut (ID: BIO-2022-0175).

A full ophthalmological examination was performed
for all patients preoperatively and at regular intervals of
1, 3, and 6 months postoperatively. Measurements in-
cluded uncorrected (UDVA) and corrected (CDVA) dis-
tance visual acuity, manifest refraction, and slit-lamp
biomicroscopy of anterior and posterior segments.
Anterior segment imaging included anterior segment
OCT (AS-OCT) using the MS-39 dual Placido and to-
mography system (Costruzione Strumenti Oftalmici),
which was performed routinely at each visit to evaluate
simulated keratometry, maximum anterior keratometry
(Kmax), allogenic segment thickness and depth through
OCT sections, and wavefront analysis showing total
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corneal aberrations at a 5-mm optical zone, chosen to
avoid artifacts from the inserted ring segments.

SURGICAL TECHNIQUE
DONOR TISSUE PREPARATION AND ALLOGENIC SEGMENT
CUTTING

The first step in tissue preparation was debride-
ment of the epithelium and endothelium of the do-
nated cornea using dry surgical sponges. The graft
was then mounted onto an artificial anterior cham-
ber (Figure 1A), where the LDV Z8 femtosecond laser
(Ziemer Ophthalmic Systems AG) executed segment
cutting via OCT guidance using a proprietary software
developed in conjunction with Ziemer (Figures 1B-
1C). This ensured repeatable and precise customiza-
tion of donor segments and flexibility to create seg-
ments with varying thicknesses and widths. To obtain
patient-specific customization, both width and thick-
ness can be specified separately at both ends of the
segment and in the center. In between these positions,
the values for thickness and width are calculated by
piecewise linear interpolation. If no specific value in
the center is chosen, the values along the arc will be
linearly interpolated between both ends.

The width of the segment is defined as the area of
Bowman'’s layer being cut, and the thickness is the
underlying stroma. To ensure adequate stromal thick-
ness, the software allows segment cutting in the pe-
riphery, up to 9 mm where the donor cornea is thicker.
In that case, because the segment is cut at a different
diameter than it is inserted, a scaling of the arc length
is automatically performed by the software.

The Femto LDV Z8 has overlapping laser spots, so
spot spacing is not applicable. The laser energy set-
tings have been optimized to guarantee optimal tissue
separability. According to these chosen settings, the
LDV Z8 scales pulse energy and pulse frequency auto-
matically to lie within a range of 10 to 20 nJ and 10 to
20 MHz, respectively.

Once cutting was achieved, the surgeon peeled the
segment from the artificial chamber (Figures 1D-1E;
Video 1, available in the online version of this article)
and placed it around a ready-made circular mold (Aw-
wad CAIRS dehydration mold; Epsilon USA) with the
inner diameter matching the size of the planned optical
zone of 6 mm and the width of its tunnel equaling 1,000
pm. The excised allogenic segment ranged from 500 to
750 pm from both the Bowman’s layer and stromal side.

The segments were left to dehydrate under 35%
to 45% average humidity conditions as published by
the authors.” Dehydration renders the segments rigid
enough, while maintaining their curved shape to fa-
cilitate their handling during the insertion step.
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Figure 1. (A) Disassembled artificial anterior chamber used to cut allogenic segment from donor corneal tissue using the femtosecond laser. (B)
Assembled artificial anterior chamber, showing the laser handpiece of the femtosecond laser docked on it. (C] Snapshot from the software. (D)

Segments cut before peeling. (E) Segment peeled.

PROCEDURE ON THE HOST CORNEA

The procedure was performed under topical anesthe-
sia, administered via proparacaine 1% preservative-free
eye drops (Bausch & Lomb). The corneal vertex was
marked using the Awwad ring marker (Epsilon USA) at
0° and 180° to ensure accurate centration of the tunnel
and account for cyclotorsion after docking.

For insertion of the segments, we used the standard
corneal ring segments software on the LDV Z8 fem-
tosecond laser to cut a tunnel over 360° of 900 pm
width, with an inner diameter of 6 mm and outer di-
ameter of 7.8 mm, and with two diametrically oppo-

858

site incisions. The depth was set differently for each
patient and varied within the range of 260 to 275 pm.
The stromal scanning velocity was set to 6 mm/s with
120% power, whereas the vertical incision velocity
was 15 mm/s, with 130% power.

The final step included the insertion of the dehy-
drated segment into the created tunnel at a 6-mm opti-
cal zone with the Bowman’s layer side perpendicular
to the corneal surface, using a forceps with final ad-
justment using a curved Y-rod instrument. The posi-
tion of the segment was fine-tuned by pulling it gen-
tly from the opposite incision with micro-forceps or a



TABLE 1
Changes in Vision, Refraction, Topography, and Aberrometry Results?

Patient 1, Eye 1 (0OD)

Patient 1, Eye 2 (0S)

Patient 2, Eye 3 (0D) Patient 2, Eye 4 (0S)

astigmatism®

Parameter Preop Postop 6 Mo Preop Postop 6 Mo Preop Postop 6 Mo Preop Postop 6 Mo
UDVA (logMAR]) 0.54 0.48 0.88 0.54 1 0.7 1.3 1
CDVA (logMAR]) 0.22 0.04 0.48 0 0.18 0 0.48 0
Manifest sphere (D) 1.25 1.75 -2.25 -1.75 -2.50 -2.25 -6.00 -5.00
Manifest cylinder -1.00 = 30 0.00 -2.00 x 145 -1.25x125 -2.75x 100 -1.00 x90  -6.00x 105 -3.25 x 135
(D) x axis

Kmean (D) 43.42 42.25 43.59 41.52 44.99 4454 45.27 44.39
Kmax (D] (sagittal) 48.46 45.33 48.26 45.20 51.07 50.18 52.30 50.86
Spherical aberration® 0.36 0.06 0.18 -0.48 0.28 0.00 0.20 0.08
Coma® 1.18 @ 90 0.45@ 101 1.26 @100 0.04 @ 296 0.81@118 0.27 @ 108 0.94 @ 80 0.09@2
Aberration 1.92 @27 1.01 @33 2.02@ 137 1.00@ 149 2.14@ 71 1.80 @ 54 3.45@ 119 0.54 @ 130

rected distance visual acuity

b5-mm optical zone (wavefront error).

CDVA = corrected distance visual acuity; D = diopters; Kmax = maximum keratometry; Kmean = average keratometry; OD = right eye; 0S = left eye; UDVA = uncor-

@Patient 1 had the Duck phenotype in both eyes and Patient 2 had the Duck phenotype in the right eye and the hybrid phenotype in the left eye.

Sinskey hook. Sutures were not used in the process,
and a soft bandage lens was applied and subsequently
removed during the follow-up examination.

Postoperatively, patients were prescribed moxifloxacin
(Vigamox; Alcon, Novartis Pharma AG) four times daily
for 1 week, prednisolone acetate (Pred Forte; Allergan,
Inc) four times daily for 1 week then tapered gradually
over 1 month, and sodium hyaluronate eye drops as need-
ed for lubrication (Artelac Advanced; Bausch Health).

RESULTS

Four eyes of 2 patients of ages 64 and 68 years were
evaluated after a follow-up period of at least 6 months.
Three eyes were classified as type 2 keratoconus or the
“Duck phenotype” characterized by non-coinciding
astigmatism and coma axes and one eye had hybrid
features between “Duck” and “Croissant” phenotypes.

Table 1 represents the changes in vision, refraction,
topography, and aberrometry results of the 4 eyes in-
cluded in this series.

REFRACTION AND VISUAL ACUITY

There was a significant improvement in UDVA and
CDVA after surgery for all eyes, with an average gain
of three lines of CDVA. Spherical and cylindrical re-
fractive errors were also reduced from -2.38 + 2.96 and
-2.94 £ 2.16 t0-1.81 = 2.77 (P =.04) and -1.75 = 2.07 (P
.01) D, respectively, 6 months postoperatively.

TOPOGRAPHY AND TOMOGRAPHY
The average Kmax values decreased from 50.02
+ 1.99 to 47.89 + 3.05 D (P = .03). This is evident in
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Figure 2, showing a marked decrease in Kmax and reg-
ularization of the topography in all eyes in the series.

TOTAL CORNEAL ABERROMETRY AND VECTOR ANALYSIS

Total corneal aberrometry measured at a 5-mm
optical zone showed a decrease in coma in all eyes
with mean coma decreasing from 1.05 + 0.21 to 0.21 +
0.19D (P =.01). There was also a decrease in spherical
aberration and aberrometric astigmatism in all eyes,
despite being non-statistically significant.

Vector analysis showed that the centroid vector for
coma decreased in magnitude from 1.02 @ 84° to 0.17
@ 85° (P = .01) while remaining at the same axis. On
the other hand, the centroid vector for aberrometric
astigmatism decreased in magnitude from 0.76 to 0.31
(P =.10) but the axis changed from 317 to 101°.

DISCUSSION

Keratoconus phenotypes with non-coinciding co-
matic and astigmatic axes have historically presented
a notable challenge for surgeons during the planning
for symmetric ring segment insertion. Surgeons would
be faced with a dilemma of choosing between two
options. The first involved adhering to the Swanson
nomogram, which entails placing the incision on the
steep meridian to reduce astigmatism but with mini-
mal effect on coma and eventually a limited contribu-
tion to CDVA, whereas the second option entails plac-
ing the incision on the flat meridian to maximize the
effect on coma at the expense of increasing astigma-
tism magnitude. This approach may lead to the devel-
opment of aniso-astigmatism in certain cases, which
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Figure 2. Anterior tangential corneal curvature maps of all eyes in this case series: preoperatively (A, C, E, G) and the respective 6-month post-

operative results (B, D, F, H.

may not be clinically tolerable. One study compared
the results of each approach and concluded that plac-
ing the incision on the comatic axis had better visual
outcomes.? However, neither option adequately and
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fully addresses both problems simultaneously. Conse-
quently, a third option emerged with the introduction
of asymmetric synthetic segments such as the Kerar-
ing AS (Mediphacos Ltd)® and AJL PRO+ (AJL Oph-



Tissue compression:
500 pm to 267 pm

thalmic).® Published results showed that asymmetric
PMMA ring segments are effective in addressing both
coma and astigmatism.'%13

Recently, allogenic ring segments have been added to
the armamentarium of keratoconus management with
safe and effective initial outcomes.? They offer a host of
advantages over synthetic segments whereby they can be
inserted at shallower stromal depths inducing more pro-
nounced effects without the theoretical risk of corneal
melt and necrosis. CAIRS are either manually trephined
by the surgeon using the Jacob double-bladed trephine
or mechanically cut by the eye bank. In both cases, seg-
ments are cut symmetrically because there are still no
reproducible tools to create asymmetric allogenic seg-
ments. This poses a new challenge for surgeons, espe-
cially those who have now transitioned to using allogen-
ic segments, because they lack the option of asymmetric
segments to manage irregular keratoconus. Therefore, we
present a technique for using the femtosecond laser as
an automated solution to cut CAIRS from donor corneal
tissue, creating a means for surgeons to achieve precise
measurements while customizing the segment by shape,
size, thickness, and arc length. Used on the 4 eyes pre-
sented in this series, this technique proved to be effective
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Figure 3. (A] Tangential anterior
curvature of one of the eyes pre-
operatively with a representation
of an asymmetric segment in the
planned position. (B] Snapshot
from the software showing the
variable thickness of the seg-
ment. (C and D) Optical coherence
tomography sections showing thin
and thick parts of the segment at
different cuts.

Tissue compression:
750 pm to 423 pm

Figure 4. Slit-lamp photograph showing the asymmetric allogenic segment
inserted with the thinner part superiorly and the thicker part inferiorly.

in decreasing both coma and astigmatism in cases with
non-coinciding astigmatism and coma axes.

A free-hand technique has been described by Soo-
san Jacob, MD (data to be published in the Indian
Journal of Ophthalmology) to create customized allo-
genic segments. Compared to the manual technique,
the femtosecond laser provides the opportunity to cre-
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ate segments of varying sizes. In contrast to the fixed
size of the trephine and the manual methods used to
achieve a specific arc length, these parameters can be
pre-programmed within the software according to the
surgeon’s plan, resulting in more precise outcomes.
The femtosecond laser technique offers distinct advan-
tages over asymmetric synthetic segments because it
allows full customization with an accurate non-linear
transition between the thin and thick portions of the
segment. The magnitude of the transition is also not
limited to 100 pm, making it particularly beneficial in
cases with focal pathologies (Figures 3-4).

Advantages and efficacy of asymmetric PMMA seg-
ments have been highlighted by many studies showing
improvements in coma and astigmatism,*%1%12 whereas
others showed mixed results.® However, it is difficult to
compare these results to those presented in the current
study. Therefore, larger case series are needed to be able
to compare with the available literature.

Given the novelty of using allogenic segments in the
management of keratoconus, there are yet no validated
nomograms available for CAIRS and this is not differ-
ent for asymmetric segments and the technique used
in this study. With further research and experience, we
anticipate that the procedure will become more repeat-
able and reproducible over time, rendering femtosecond
laser—cut CAIRS more approachable. Further studies are
thus required to develop nomograms and guidelines for
the treatment of these keratoconus phenotypes, to maxi-
mize the potential benefits of this technique. Although
this technique may not be suitable for all surgeons, we
believe that it can be effectively adopted by eye banks,
where segments can be prepared in advance according
to the surgeon’s plan. The availability of a laser platform
with a software that can create multiple customized al-
logenic rings from one donor cornea will make allogenic
segments more available to centers around the world,
especially when used by eye banks. The development
of better processing techniques to prolong shelf-life will
undoubtedly make these segments even more available.
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