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ABSTRACT

Purpose: To compare the stromal bed surface quality and the accuracy of dissection depth after deep
lamellar cuts using the Leonardo Da Vinci (LDV) femtosecond laser (Z6) and the ONE Microkeratome.
Methods: Deep lamellar cuts were performed on nine human donor corneoscleral buttons: five with the
LDV femtosecond (FS) laser (Z6) (Ziemer) and four with the ONE Microkeratome (MK) (Moria). Corneal
thickness was measured with ultrasound pachymetry before and after the dissection. The Stromal bed
quality was evaluated using light microscopy (n = 4) and scanning electron microscopy (SEM) (n = 9).
The surface roughness on SEM images was graded on the scale of 1 (smoothest) to 5 (roughest) by four
observers, blinded to the method used. Particle analysis on the SEM images was performed in order to
have an objective measure of smoothness.

Results: The achieved dissection depth using the FS laser was 496.4 + 46.4 um when attempting 500
pm and 474 + 60 um with the microkeratome when attempting 350 um. Histological evaluation of
the corneoscleral buttons by both light and electron microscopy showed significantly smoother
surface using the FS laser compared to the microkeratome. There were fewer and smaller particles
observed in the SEM images of FS laser cut buttons (p < 0.001).The average observer based score of
anterior surface roughness (50x) was 2.2 for the FS laser and 3.9 for the microkeratome dissections
(p < 0.001).

Conclusions: The LDV femtosecond laser (Z6) platform is capable of creating deep corneal lamellar
dissection with smoother surface quality and with more predictable cut depth as compared to the One
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Introduction

Lamellar grafts are now performed as the first choice graft
for the majority of the patients requiring corneal
transplants.”> Currently, descemet stripping automated
endothelial keratoplasty (DSAEK) is the most popular
form of endothelial keratoplasty (EK). EK has been asso-
ciated with quicker visual recovery, less postoperative
astigmatism, reduced risk of infection and better wound
integrity giving it clear advantages over penetrating
keratoplasty.” Inherent differences or limitations of
methods used to prepare of donor tissues, result in sub-
optimal interface and consequently lower vision and over-
all reduced success with EK procedures.*’

A mechanical cut is performed to prepare the posterior
lamellar before implantation, it has been hypothesized that
femtosecond laser (FL) creates a smoother mechanical cut
and smoother stromal surface than the microkeratome
(MK). To date there have been a number of articles inves-
tigating this.®”'® Several authors have developed subjective
(observer based grading) and objective (e.g. texture analy-
sis) scores to quantify the smoothness of stromal beds

using primarily scanning electron microscopy (SEM)
images for comparison.”'"> FL and MK dissected corneas
show good stromal bed quality, with MK resulting in
better overall smoothness,'"!> however, on closer exami-
nation of the literature a relationship between smoothness
and low laser pulse energy (n])/high laser pulse frequency/
spot size has been indicated.®'>'®!'” The Leonardo Da
Vinci (LDV) FS laser from Ziemer has far greater pulse
frequency (>1000 kHz) and smaller spot size (<1 um)
than other commercially available devices (Visumax <500
kHz, 0.5-2.5 um; Intralase 15-150 kHz, 0.5-8 pm; Femtec
40 kHz, 1-3 pm). This higher pulse frequency corresponds
with a lower pulse energy, which has been associated with
fewer/smaller intrastromal bubbles,'® and less stromal cell
apoptosis and less intrastromal fibronectin formation indi-
cating less wound healing."”

The aim of this study was to examine the surface quality
by subjective and objective assessment of deep lamellar cuts
performed by the LDV FS laser (Z6) (Ziemer) versus the
ONE Microkeratome (Moria).
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Materials and methods
Donor corneas and preparation of the graft

Donor corneoscleral buttons, kept in organ culture for up to 21
days (CorneaMax, Eurobio, Courtaboeuf, France) and in a
deturgescent medium for 2 days prior to dissection (CorneaJet,
Eurobio, Courtaboeuf, France), from the eye bank in Lausanne
were used. Deep lamellar cuts were performed on 9 human
donor corneoscleral buttons that were unsuitable for transplan-
tation: 5 with the LDV femtosecond laser (Crystalline, hand
piece LCS, (Z6)) (Ziemer AG, Port, Switzerland) and 4 with
the ONE Microkeratome (Moria SA, Antony, France). Once
the cut was completed, the entire corneoscleral button was
transferred to a Coronet donor punch (Network Medical
Products Ltd., Ripon, UK) to perform an 8 mm partial thickness
trephination from the endothelial side. Following this, the donor
cornea was placed back and secured onto the artificial anterior
chamber with the endothelial side up. The posterior lamellar
disk was separated from the stromal bed using Bonn forceps
(Moria SA, Antony, France) and a blunt LASIK spatula to divide
residual tissue bridges (Figure 1).
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Femtosecond laser

A Ziemer LDV femtosecond laser (Z6) was used for the deep
lamellar dissection using the LCS handpiece that was designed
for lamellar surgery with a cutting depth of 500 um. The FS
laser cuts were performed on corneoscleral buttons secured
on a custom made Ziemer artificial anterior chamber. The
pressure in the artificial anterior chamber was controlled
through an integrated irrigation port using a bottle height of
1.5 meters measured from the artificial anterior chamber to
obtain a pressure of approximately 60 mm Hg. A 9 mm
diameter cut was created at 500 um depth using pulse energy
of <100 nJ, a pulse frequency of >5 MHz and a spot size of
<0.1 pm. We used the posterior lamellar keratoplasty femto-
laser profile available with the Z6 LDV femtolaser.

Microkeratome

The microkeratome cuts were performed with the ONE
Microkeratome and a 350 pm head, using a new blade for
each cut.

Figure 1. A customized artificial anterior chamber (aAC) has been designed for the LDV FS laser to perform the lamellar dissection on the donor cornea. The aAC was
filled with an ophthalmic viscoelastic device to protect the endothelium and the corneoscleral button was secured in place with the fixation screw. Particular
attention was paid to achieve good centration of the donor cornea on the aAC (A). The Ziemer LDV femtosecond laser was used to create the deep lamellar
dissection with the LCS handpiece that fits securely on the aAC to ensure good stability while performing the cut. A 9 mm diameter cut was created at 500 pm depth
using pulse energy of <100 nJ, a repetition rate of >5 MHz and a spot size of <1 pm (B and C). Once the cut was completed the corneoscleral button was transferred
to a Coronet donor punch to perform an 8 mm diameter partial thickness trephination from the endothelial side. Following this the donor cornea was placed back on
the aAC with the endothelial side up and secured as described above (D). A Bonn forceps and a blunt FemtoLASIK spatula were used to separate the endothelial graft

from the stromal bed (E and F).
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Post cut preparation

Corneal thickness (CT) was measured with ultrasound pachy-
metry (Corneo-Gage Plus, Sonogage, Cleveland) before and
after the dissection. The cutting depth was calculated by
subtracting the residual stromal bed thickness from the pre-
cut corneal thickness. All specimens were then halved. The
first half was fixed in formaldehyde, processed by paraffin
sections and stained with hematoxylin and eosin for evalua-
tion by light microscopy (LM). Scanning electron microscopy
(SEM) was performed on the second half, these specimens
were fixed in 1% glutaraldehyde in 0.1 M Sorensen’s
Phosphate Buffer pH 7.4 at 4°C for 2 hours, and post fixed
with 1% osmium tetroxide in the same buffer at room tem-
perature for 1 hour, dehydrated in graded alcohol solutions to
100% ethanol, and critical point dried over CO2 (CPD 030,
Bal-Tec AG, Balzers). They were sputter coated with 15 nm
platinum (MED 010, Bal-Tec) and examined with a JEOL
6300 F scanning electron microscope at 5 kV (JEOL, Tokyo,
Japan). The LM and SEM images were digitally saved using
SEMFORE (JEOL) in TIFF format for subsequent review. The
magnifications were set at 50x and 250x for the posterior and
anterior surface analysis.

Analysis of images

Subjective assessment

Four observers were asked to rate the surface smoothness of
SEM images as “1 = smoothest”, “2 = smooth but not best”, “3 =
median”, “4 = rough but not worst” and “5 = roughest”. A
reference scale was provided to help the observer maintain
consistency throughout grading (Supplementary Figures S1
and S2). The images were provided to the observers in a
randomised order, with no identification of the orientation
(posterior/anterior) or the cut method (FL or MK) used in
corneal preparation provided. The 50x and 250x images were
presented separately.

Objective assessment (Figure 2)

The image-processing technician was masked to the surface and
cut type of images. The original images were imported in the
Image] software (Figure 2A). The measure scale was calibrated
in micrometers depending on magnification. A Gaussian filter
was applied to each image, with a resolution of ten pixels
(Figure 2B). The difference between image A and image B was
calculated to isolate the small particles in each image, creating a
third image (Figure 2C). The result was adjusted to the default
threshold and particle analysis was performed with a minimum
threshold area of 1 um? (Figure 2D), the results of this analysis
were exported to csv files and imported into R for analysis. To
examine the large particles in an image, image B was adjusted to
the default threshold (Figure 2E) and the particle analysis was
also performed (Figure 2F) the results of this analysis were
exported to csv files and imported into R for analysis.

Statistical analysis

Analysis was performed with R Version 2.15.1.>* Values were

tested for differences between groups by using an analysis of

variance corrected for repeated measures on the same cornea.
A p < 0.05 was considered statistically significant.

Results

The characteristics of the donors and corneas used in this
study are given in Table 1.

Achieved cut with femtolaser and microkeratome

The achieved dissection depth using the FS laser was 496.4 +
46.4 um when attempting 500 pm and 474 + 60 um with the
microkeratome when attempting 350 um (Table 1).

Analysis of images

Subjective assessment: The intra-observer agreement was
moderate in x50 images, with k greater than 0.36 (Observer
1 vs Observer 2 = 0.43; Observer 1 vs Observer 3 = 0.36;
Observer 1 vs Observer 4 = 0.39). In the x250 images the
intra-observer agreement was higher with « greater than 0.53
(Observer 1 vs Observer 2 = 0.60; Observer 1 vs Observer 3 =
0.61; Observer 1 vs Observer 4 = 0.53). Importantly all graders
were within one grade of one another on all images (Table 2).
The median of the four observations was used as the grade for
each image and the mean of the group was calculated with
respect to magnification (x50 or x250), surface (posterior or
anterior) and cut type (FL or MK), the summary is given in
Table 3. The images of the MK group had significantly
rougher rated images than images from the FL group, at
both resolutions and on both surfaces (Table 3).

The normal histological architecture of the posterior
stroma was preserved with no evidence of thermal damage
at the cut surface following the LDV FS laser dissection
(Figure 3). SEM images also showed fewer irregularities and
tissue tags on the surfaces dissected by the FS laser.

Objective assessment: The large and small particle analysis
results are given in Table 3. In both the anterior and posterior
surface images the small particle analysis demonstrated that
there were significantly more and larger particles evident in
the images of MK cut corneas than in images of FL cut corneas
(Figure 4). The large particle analysis was not as consistent
throughout images, in anterior images at x50 magnification
significantly less and significantly larger particles were observed
in the FL group than in the MK group. In anterior images at the
%250 magnification and posterior images at the x50 and x250
magnification a similar trend was observed with the size of the
particles was significantly larger but with the number of parti-
cles was not significantly different between groups.

Discussion

The subjective and objective assessments used in this report
indicate the greater smoothness when creating deep lamellar
cuts of human donor corneas with the LDV femtosecond laser
as compared to MK. Furthermore, light microscopy showed
significantly fewer irregularities and loose collagen fibers at the
stromal surface in FL specimens compared to the MK speci-
mens. This result has important implications as it suggests that
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Figure 2. Objective assessments of SEM images. The SEM image at 50x magnification (A), a Gaussian filter was passed over image A (B). The difference between
image A and image B was calculated to isolate the small particles in each image, creating a third image (C). The result was adjusted to the default threshold and
particle analysis was performed with a minimum threshold area of 1 um?, (D) Image B was adjusted to the default threshold (E) and the particle analysis was also

performed (F).

Table 1. Corneal donor characteristics.

Femtolaser Microkeratome
Donor characteristics C1 (] a C4 (&) Mean (€9 c7 c8 9 Mean
Age 80 64 74 79 79 89 64 63 81 747
ECD <2000 <2000 1950 <2000 <2000 <2000 2000 2000 2435 2555 2247
% of endothelial cell loss N/A N/A N/A N/A N/A 9.1 14.5 N/A N/A
Previous surgery phaco phaco phaco phaco
CCT with epithelium 756 770 622 771 614 707 745 800 652 589 670
Intended cut 500 500 500 500 500 500 350 350 350 350 350
Achieved cut 489 493 509 539 452 534 455 451 456
Residual thickness 267 277 113 232 162 210 211 345 201 133 222

the LDV ES laser may produce a smoother graft-host interface,
which has been associated with better visual outcomes.'”"’

With the LDV FS laser the attempted dissection depth was
closer to achieved depth and more predictable than with the
ONE Microkeratome. These results correspond with the
results of Price et al. who found that ONE Microkeratome
with the 350 pm head the achieved dissection depth approxi-
mately 100 um greater than intended.*

A comparison of the stromal bed quality reported here
with the outcomes available in the literature is confounded
by the large range of experimental designs used. There are
large differences between femtosecond laser devices
(Table 4), in terms of spot size, frequency, and energy
which will affect smoothness and safety. Depending on the
report, outcomes on smoothness vary in favor of FL'>'*?!
or MK,>'"** but FL devices with lower energy and small
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Table 2. Subjective roughness score intra-observer agreement.
x50

Grade observer 1 Observer2  Observer 3 Observer 4
1 Exact 2 2 2
Within 1 grade 0 0 0
2 Exact 7 3 6
Within 1 grade 6 10 7
3 Exact " 7 1
Within 1 grade 6 10 6
4 Exact 9 1 9
Within 1 grade 4 2 4
5 Exact 6 6 5
Within 1 grade 4 4 5
Total Exact 35 29 33
Within 1 grade 20 26 22
X250
Grade observer 1 Observer2  Observer 3 Observer 4
1 Exact 2 3 3
Within 1 grade 1 0 0
2 Exact 9 8 8
Within 1 grade 5 6 6
3 Exact 9 10 9
Within 1 grade 6 5 6
4 Exact 10 9 7
Within 1 grade 5 6 8
5 Exact 8 8 8
Within 1 grade 0 0 0
Total Exact 38 38 35
Within 1 grade 17 17 20

spot separation create a dissection with comparable smooth-
ness to MK devices (Table 5).'**! LDV femtosecond laser
has very low pulse energy and high frequency with the
smallest spot size separation (Table 4). Until now the LDV
device has not been compared to MK devices in terms of
stromal bed smoothness. However, a recent report by Riau
et al. demonstrated similar stromal bed quality between the
Visumax (pJ) and LDV (n]) femtosecond laser, suggesting
that the increase in smoothness has an upper limit, i.e., that
there is a pulse energy below which smoothness is no longer
improved.'”

In terms of safety, Mehta et al. reported that no significant
detectable thermal damage at the cut stromal surface using the 40
kHz Femtec system and Cheng et al. found that endothelial cell
viability was not affected by the femtosecond laser dissection.”>**
However examining the tissue responses between the Visumax
(W) and LDV (n]) devices, Riau et al. found a significant

difference, with apoptotic cells and fibronectin present in the
central incision site of yJ but not the nJ."” This suggests that the
LDV device has reduced impact at the cellular level."”

There may be additional settings that affect the cut, several
groups have examined the relationship between depth of the
cut and quality of the interface.”''>'>*>*” Peyrot et al. have
shown the reduced stromal bed quality with increased dissec-
tion depth is due to increased optical aberrations of the laser
beam focus on deeper stromal layers.'® The LDV FS laser has
a larger numerical aperture compared to the other femtose-
cond laser platforms,® this makes this platform more suitable
for deep corneal dissection as the laser energy is focused to a
smaller area in the Z-axial plane achieving less scattering in
the posterior stroma.

The effect of these device settings on surgical outcomes are
difficult to interpret due to inconsistencies between reports.
Rousseau et al. and Kunert et al. both demonstrated that cut
settings selected on the Intralase femtosecond laser, signifi-
cantly affected the quality of the stromal interface achieved,
with higher pulse frequency achieving smoother stromal
beds.'>** Perhaps suboptimal laser settings resulted in the
poorer visual outcomes observed with EK prepared with the
Visumax (200 kHz) than with Amadeus II microkeratome
(Ziemer Ophthalmic Systems AG, Port, Switzerland).”®

Scanning electron microscopy (SEM) images have been used
several times to assess the smoothness of lamellar cuts. Initially,
subjective grading of roughness by one or more observers was
utilized, however it has been shown that this grading is suscep-
tible to variations in contrast.” Objective measures suffer simi-
larly as a change between gray scale values within and between
SEM images is not directly related to changes in height; it also
represents changes in tilt of the image, surface contamination
and enhanced emission from edges and ridges. As such tradi-
tional texture analysis or mean grayscale variation methods are
not suitable summary measures of the local variation or surface
roughness. Marian et al. have previously described a methodol-
ogy where a 3D surface is reconstructed and the image flattened
to isolate the local variation.” However, this methodology
requires stereo SEM images and it does not address the issue of
enhanced emission from edges. In this article we have used an
alternative methodology, the subtraction of the background,

Table 3. Summary of comparative results from the MK and FL prepared cornea anterior and posterior dissections at the 50x and 250x magnifications.

x50 %250
Anterior FELK Moria p-value FELK Moria p-value
Number of images 15 12 15 12
Average observer rating 22 39 <0.001 22 42 <0.001
Particle analysis (L)
Mean no of particles 40.1 64.7 0.006 48.5 56.7 0.27
Mean particle size 130.7 116.9 0.01 134.9 108.3 <0.001
Particle analysis (S)
Mean no of particles 318.2 438.8 0.07 36.5 132.1 <0.001
Mean particle size 13.7 30.6 <0.001 13.7 20.3 <0.001
Posterior
Number of images 20 8 20 8
Average observer rating 2.8 4.0 <0.001 3.2 3.8 <0.001
Particle analysis (L)
Mean no of particles 38.1 303 0.53 493 40.8 0.93
Mean particle size 121.9 110.5 0.01 116.3 106.3 <0.001
Particle analysis (S)
Mean no of particles 380.1 516.4 0.009 723 105.1 0.001
Mean particle size 14.8 16.7 <0.001 12.8 129 <0.001
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Figure 3. Histology. (A) Peripheral corneal surface following Ziemer LDV femtosecond laser dissection (Scale bar equals 200 pm). (B) Central corneal surface following
Ziemer LDV femtosecond dissection (Scale bar equals 100 um). (C) Peripheral corneal surface following microkeratome dissection (same scale as A). (D) Central
corneal surface following microkeratome dissection (same scale as B). Nuclei of keratocytes can be clearly identified in blue color in each section.

rig

e PR Y T 5
s Y X558 dTmm D JEOL ", “TSKU

48 mmn

Figure 4. Scanning electron microscopy. Stromal bed images shown in the left column were cut with manual Moria microkeratome (A: 10x, C: 50x, E: 250%) and
stromal bed images shown in the right column were cut with a Ziemer LDV femtosecond laser (B: 10%, D: 50%, F: 250x).
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Table 4. Summary of the setting of the commercially available femtosecond devices.

Device Intralase Femtec Visumax LDV
Concept: Amplifier Amplifier Amplifier Oscillator
Wavelength: =1053 nm =1053 nm =1053 nm =1040 nm
Pulse Width: >500 fs >500 fs =400 fs =250 fs
Spot Size: 0.5-8 pm 1-3 pm 0.5-2.5 pm <<1 pm
Rep Rate: 15-150 kHz 10-40 kHz 100-500 kHz 1-5 MHz
Pulse Energy: =1 >1w <1w =.003 W
Table 5. Summary of available articles comparing stromal bed quality of microkeratome and femtosecond laser dissected human corneas.
Author Microkeratome Femtosecond laser Outcome
Device Method Head Device Energy Roughness
Jones Moria Manual 350 pym Intralase 15 kHz 7.4 ) NA
Sarayba Hanastome Manual 160 pm Intralase 15-30 kHz 1.2-2.0 W MK>FL
Mootha Moria CBm 300 pm Intralase 60 kHz 2.0 W FL>MK
Horizon 300 pm Intralase 60 kHz 2.0 W FL>MK
Dickman Moria Manual rotary 350-400 um Intralase 60 kHz 4 different FL>MK
Gebauer Motor 300-550 um Intralase 60 kHz 4 different FL>MK
Serrao Hanastome Motorized 160 pm Intralase 150 kHz 0.45-0.75 W Low energy and small spot separation FL = MK
Lombardo Moria Manual 350 pym Intralase 150 kHz 0.5-1.0 pJ Low energy FL = MK

which in addition to removing the curvature and tilt informa-
tion, also removed enhanced emission from edges and ridges,
isolating the local variation.

The strengths of our study were that the samples were
processed in a regular Eye Bank for human therapy, also
that the samples were imaged and the evaluation of the quality
of the dissection surface was performed at two different mag-
nifications using light and electron microscopy. On another
hand, this study is limited by the small number of human
cornea available and that our study was limited to ex vivo
experiments without grafting and clinical follow-up. Only
functional evaluation will determine if there is true superiority
of nJ FS laser for preparing lamellar grafts.

Today, MK is the more frequently used device to perform EK
(Moria SA or Gebauer AG). Comparing all the femtolasers avail-
able on the market, our results support the use of the LDV ES
laser for the preparation of lamellar grafts for endothelial kerato-
plasty. A comparative clinical trial will be required in order to
examine the effect of this device on visual outcomes, and to the
best device to perform corneal lamellar tissue dissection.
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