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Abstract: Corneal lamellar cutting with a blade or femtosecond laser (FSL) is commonly
used during refractive surgery and corneal grafts. Surface roughness of the cutting plane
influences postoperative visual acuity but is difficult to assess reliably. For the first time, we
compared chromatic confocal microscopy (CCM) with scanning electron microscopy, atomic
force microscopy (AFM) and focus-variation microscopy (FVM) to characterize surfaces of
variable roughness after FSL cutting. The small area allowed by AFM hinders conclusive
roughness analysis, especially with irregular cuts. FVM does not always differentiate between
smooth and rough surfaces. Finally, CCM allows analysis of large surfaces and differentiates
between surface states.
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1. Introduction

The cornea is the transparent lens-shaped tissue that forms the anterior part of the eye and
provides two-thirds of its refractive power. It consists of approximately 300 collagen
lamellae, arranged and interwoven in multiple directions for stiffness and optical properties.
Corneal surgery involves removing, adding or replacing corneal tissue either to modify
corneal shape during refractive surgery (one of the most common procedures being laser in
situ keratomileusis (LASIK)) or to restore its transparency with the various corneal graft, or
keratoplasty, techniques. The blade of a microkeratome (F) and more recently the light of a
femtosecond laser (FSL) are commonly used during corneal surgery, chiefly to cut the
superficial corneal flap during LASIK [1] or to cut lamellar grafts from donor corneas [2].
Lamellar cutting of multiple slices in one donor cornea is also being studied as a possibility to
provide sufficient corneo-compatible carriers necessary to develop bioengineered endothelial
grafts [3, 4], that could help reducing the huge scarcity for donor cornea worldwide [5]. The
main risk of these intracorneal cuts parallel to the surface is of surface irregularities at the
interface of cutting planes, which can result in optical aberrations causing a permanent drop in
visual acuity [6, 7]. It is thus crucial to obtain the smoothest possible cutting plane. However,
it is hard to determine which is the better technique, despite the number of comparative
studies published in the past 10 years. Some show a relatively similar roughness of corneal
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cuts for MKT and FSL [8, 9], while others favor MKT [10, 11] or FSL [12, 13]. This is due to
at least three factors: 1/ the authors’ use of various devices and cutting parameters, which are
also continually being improved; 2/ the variability of the response of corneal tissue, of which
the collagen structure organization and stiffness vary with depth and maybe also with age.
The superficial flaps created by LASIK (80-120 um under the corneal surface) are cut from
collagen stiffer than that in the posterior cornea, which is cut for certain corneal grafts (500
um under the surface); 3/ the lack of standardization between roughness-assessment
techniques.

The most common method is a subjective roughness score applied to scanning electronic
microscopy (SEM) [10, 14—17]. The next most common is the objective measure provided by
atomic force microscopy (AFM) [8, 9, 11, 18]. However, different techniques produced
different surface roughness values (all expressed in root mean square (RMS), see below),
ranging from 0.09 to 1 um for MKT (with AFM [8, 18]) and from 0.1 (with AFM [8],) to 2
um (with a profilometer [11]) for FSL. Another important parameter is corneal hydration rate
during observation (normally 78% (w/w) in vivo). Stable hydration should ideally be
maintained as dehydration during examination could modify apparent roughness, especially if
data acquisition is long. A controlled environment and/or high-speed acquisition could thus
make roughness assessment more reliable.

In the present study, using human donor corneas cut in standardized conditions with a
FSL, we compared four methods of assessing the surface quality of stromal cuts: SEM, AFM,
chromatic confocal microscopy (CCM) and focus-variation microscopy (FVM) (Table 1).

Table 1. Main characteristics of the four microscopy methods used to measure surface

roughness.
Techniaue Lateral resolution Vertical resolution Acquisition time for a
4 (nm) (nm) 10x10 pm’ area
Scanning electron microscopy 1-10 ? A few seconds
Atomic force microscopy 10 <1 20 minutes
Confocal chromatic microscopy 900 8 1 minute
Focus-variation microscopy 800 to 2000 20 to 100 A few seconds
2. Methods

2.1 Corneal lamellae cutting

Human corneas unsuitable for transplantation for serological reasons and procured by the
Auvergne-Loire and Besangon French eye banks (French blood centers) were used after
informed consent of the relatives, as authorized by French bioethics laws. All procedures
conformed to the tenets of the Declaration of Helsinki for biomedical research involving
human subjects. Corneas were procured by in situ excision with 16 to 18 mm diameter
trephination, according to the procedure recommended in France for corneas intended for
transplantation. They were immediately immersed in 100 mL of storage medium
(CorneaMax, Eurobio, Les Ulis, France) at 31°C in a dry incubator, in accordance with the
preservation procedure of most European eye banks. The protocol used to prepare corneal
lamellae was the same as that used in eye banks: 24 hours before cutting, corneas were
deswelled in hyperosmotic solution (Cornealet, Eurobio) to restore transparency and normal
thickness.

Using an FSL, thin lamellae were cut from the posterior stroma, mimicking the cut of an
endothelial keratoplasty. This type of keratoplasty corresponds to the selective replacement of
only the posterior part of the cornea. It is used in frequent corneal diseases where only the
endothelial cells are deficient. By convention, we chose to observe the surface state of the
stromal side of the thin lamellae. During cutting, the cornea was mounted in a disposable
anterior artificial chamber (Moria, Antony, France), pressurized at 40 mmHg in CorneaMax.
To make a cutting plane approximately 200 pm above the Descemet membrane, an optical
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coherence tomography system (SS-1000 CASIA, Tomey, Aichi-ken, Japan) was used prior to
cutting, to map corneal thickness in order to choose the depth of FSL focus. The FSL cuts
were made with a research FSL bench (Satsuma, Amplitude Systémes, Pessac, France). This
FSL generated 150 fs pulses at a 1030 nm central wavelength and a 250 kHz repetition rate.
The FSL beam was displaced on a 10 mm XY surface using a scan head (IntelliSCAN III 14,
SCANLAB, Puchheim, Germany) and then focused with a custom objective (Special Optics,
Denville, NJ) allowing a spot diameter of 5.5 pm with a focal distance of 30 mm. A
microscope glass slide, held by a homemade support adaptable on the anterior artificial
chamber, was used to flatten the corneal surface as in other studies [3, 4]. The settings of our
experimental FSL were similar to those of ophthalmological FSLs used in refractive surgery
(such as the Abbott Intralase 150, the Alcon Wavelight FS200, and the Zeiss VisuMax) and
were therefore likely to provide cutting planes with characteristics able to be extrapolated
from what can be obtained with commercial laser.

After FSL cutting, corneas were trephined using an 8 mm diameter punch trephine
(Katena, Denville, NJ) to isolate the 200 pm thick lamellae, which were immediately fixed in
0.1 M cacodylate-buffered 2% glutaraldehyde pH 7.4 at 4°C for at least 24 hours before
observation and measurement.

To compare the four methods of roughness assessment (SEM, AFM, CCM and FVM) in
standardized conditions, we first assessed the effect of sample dehydration and metallization
on surface appearance with SEM, and on roughness measurement with CCM. CCM was
chosen because it offers a useful compromise between high resolution in Z and acceptable
acquisition speed. The purpose of these first two experiments was to study whether or not
samples could be dehydrated and metallized (i.e. stabilized) without artefactually modifying
their surface state. (Fig. 1).

i y;

STEP 1 STEP 2 STEP 3
Effect of dehydration and Effect of dehydration and Influence of the measurement
metallization on surface appearance metallization on roughness technique and the size of observed
in scanning electron microscopy quantification with confocal area on roughness quantification
(SEM) chromatic microscopy

Smooth
control:
Bowman

FSL
(Low
Roughness)

FSL

(Low
Roughness)

FSL

(High
Roughness)

Roughness)

| Environmental SEM | | Chromatic confocal microscopy | | Dehydration and metallization ‘
| Dehydration and metallization | | Dehydration and metallization | | Standard SEM ‘
I Standard SEM | I Chromatic confocal microscopy | ’ Atomic force microscopy ‘
(FSL =Femtosecond laser) l

| Focus-variation microscopy ‘

|

| Chromatic confocal microscopy ‘

Fig. 1. Flow chart of experiments. Steps 1 and 2 were designed to study the influence on
roughness measurement of stabilizing the samples by dehydration and metallization. In step 3,
the three quantitative microscopy methods were compared.
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2.2 Scanning electron microscopy

The Environmental SEM (eSEM) was used first because it theoretically allowed observation
using more physiologic conditions i.e. not fully dehydrated and not metallized. Stromal
lamellae were rinsed three times in 0.1 M cacodylate solution and then placed with the
surface of interest (i.e. cutting plane) facing up on an aluminum stub. Observation was
conducted with an eSEM (Quanta FEG 250, FEI, Hillsboro, OR) at a working distance of 9-
10 mm and an accelerating voltage of 10 kV. The microenvironment in the chamber required
to avoid dehydration of the lamella was maintained by a pressure of 5.4 Torr and a
temperature of 6°C. Magnifications ranged from x40 to x50000 and secondary-electron
images were acquired at a resolution of 1024 x 943 pixels.

After eSEM, lamellae were returned to the fixative solution for at least 24 hours at 4°C.
The second SEM technology used was standard SEM (sSEM), which, unlike eSEM, required
dehydration and metallization. Briefly, stromal lamellae were air-dried directly on a polished
aluminum mount covered with double-coated carbon tape, with the surface of interest facing
up. The lamellae being extremely thin (<200 um), they were fully dry after 10 minutes. They
were then coated with gold-palladium in a mini sputter coater (Polaron SC 7620, Quorum
Technologies, Laughton, UK). Lamellae were then observed with an sSEM (S-3000N,
Hitachi, Tokyo, Japan) at a working distance of 6-7 mm, an accelerating voltage of 5kV, and
a vacuum between 107 and 107 Pascal. Magnifications ranged from x1 to x100000 and
secondary-electron images were acquired at a resolution of 640 x 480 pixels.

2.3 Chromatic confocal microscopy

A chromatic confocal probe (CL1 MG 210, STIL, Aix-en-Provence, France) connected to a
controller (CCS-Prima, STIL) was used to characterize the surface of stromal lamellae before
and after dehydration and metallization. CCM was based on lateral scanning of the sample
surface by incident white light imaged through a chromatic objective into a continuum of
monochrome images along the Z axis. Only one wavelength of the continuum, depending on
the height of the sample surface, was reflected into the optical system. After pinhole filtering,
the reflected wavelength was analyzed by a spectrometer to determine the corresponding
position of the sample surface. The sample surface was height mapped by measuring the
reflected wavelength at each XY point. Lamellae were glued with adhesive paste (UHU,
Baden, Germany) on a polished aluminum mount with surface of interest facing up. To
reduce the risk of dehydration during observation, lamellaec were hydrated with balanced salt
solution (BSS, Alcon, Rueil-Malmaison, France) and excess water was removed with a
surgical microsponge. Image acquisition took about 15 minutes at room temperature for a 300
x 300 pm’ surface. After this first characterization, lamellae were returned to the fixative
solution for 24 hours at 4°C, and were then dehydrated and metallized per the same protocol
as for the sSSEM. A second characterization was then performed on the dehydrated and
metallized sample. For each characterization by CCM, three non-overlapping surfaces of 300
x 300 um’ were characterized for three lamellae cut by FSL from three corneas.

The first two experiments demonstrated the absence of artifact after dehydration and
metallization (see results). Several stromal lamellac were thus cut by FSL from different
donor corneas, then dehydrated, metallized and flat mounted as described above. They were
observed with sSEM and separated into two groups: low and high surface roughness. It is
known that the same FSL cutting parameters can give different surface states according to
parameters including transparency, donor age, depth of cut into cornea, and other unknown
individual donor parameters. One lamella in each group was used to compare the three
microscopes (AFM, FVM, CCM). The denuded Bowman’s membrane (BM) served as a
control, given its naturally extremely smooth surface. The BM is the outer corneal membrane
situated directly beneath the epithelium. It was obtained by gently scraping the epithelium
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from a cornea and FSL cutting 200 pm beneath the surface. The control lamellae were
dehydrated and metallized as described above, and flat mounted with the BM facing up.

2.4 Atomic force microscopy

An AFM (Agilent 5500, Keysight Technologies, Santa Rosa, CA) equipped with a silicon
microcantilever tip (ACT, Applied NanoStructures, Mountain View, CA) was used in a non-
contact mode, also called acoustic AC mode, which is less sensitive but also less destructive
than the contact mode typically used in the literature. The sample surface was scanned by a
cantilever tip which oscillated owing to the vibrations of a piezoelectric crystal supporting the
tip. The closer the cantilever tip was to the sample surface, the lower the resonance frequency
of oscillation, due to the presence of Van der Walls forces at the sample surface. A feedback
loop system adjusted the tip-sample distance, maintaining the resonance frequency around
300 kHz. The sample surface was height mapped by measuring the tip-sample distance at
each XY point.

2.5 Focus-variation microscopy

Focus-variation microscopy was performed with an InfiniteFocus IF G4 (Alicona,
Raaba/Graz, Austria). The Z depth of the sample surface was scanned by a white light beam
through a microscope objective, magnification of which depended on the observed area and
on the image resolution. An observed area of 1.62 x 1.62 mm?, 0.81 x 0.81 mm” and 0.32 x
0.32 mm?, a working distance of 1.62 mm, 0.81 mm and 0.32 mm, a lateral resolution of 800,
1000 and 2000 nm and a vertical resolution of 20, 50 and 100 nm and were obtained
respectively with x10, x20 and x50 objectives. The white light beam was reflected into a
photoelectric detector inside the optical system and, for each Z-plane, in-focus zones were
detected by a processing signal unit to allow height mapping of the sample surface [19]. The
manufacturer XYZ calibrated the microscope using certified gage blocks.

For the three lamellaec (low/high roughness, smooth control), four non-overlapping
surfaces of 10x10 pm? 100x100 pm?, 300x300 pm* and 1000x1000 um?” were acquired from
each lamella by FVM and CCM to assess the effect of surface area on roughness
measurement. For AFM, only the 10x10 um” size was acquired, acquisition time for larger
areas being too long.

2.6 Image analysis of surface roughness

All images acquired by the three microscopes were analyzed with Mountains, a surface
imaging and metrology software program (Digital Surf, Besancon, France), to calculate
height-map roughness. Raw data measured by the three devices were imported into the
software that accepted multiple format files. The use of the same methods of surface
roughness calculation eliminated the bias linked to differences between the software programs
of each instrument. Each height map was converted by the software into two roughness
profile series, along the X and Y axes. Roughness was calculated to ISO 4287 (1997,
Geometrical product specifications — Surface texture: profile method — Terms, definitions and
surface texture parameters), as illustrated in Fig. 2. The roughness profile was defined as
being derived from the primary profile by suppressing the long-wave component (high-pass)
filter, with cut-off being A.. Parameters were designated R and evaluated within the evaluation
length, which generally consists of five sampling lengths. The sampling length corresponds to
the cut-off wavelength A, of the profile filter. As stated in ISO 16610 (2011 geometrical
product specifications — Filtration — Part 21: Linear profile filters), a Gaussian filter was used
on the roughness profiles with different A, values according to the observed area: A, = 2.5 pm
for 10 x 10 um?, A =25 pum for 100 x 100 pm?, and A, = 80 um for 300 x 300 pm? and 1000
x 1000 um?. This filtering of the roughness profile series removed the macro-waviness liable
to result from folds caused by non-optimal flat mounting, and thus kept only the actual
surface roughness caused by the cutting technique. For each profile, a mean line
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corresponding to the mean roughness of the profile was generated. The length of each profile
was cut into five sampling lengths and for each section the root mean square roughness Rzys,
also called quadratic mean roughness, was calculated. This was determined by Eq. (1), where
z is the height between the mean line and the profile, and n the number of heights of the
section:

RMS = lZziz (1)
noioy

The mean Ry of the five sections was then calculated to obtain the RMS of the total profile.
The mean Rpyys of the total profile was calculated to obtain the Rpys of the total profile series.
The final Rgys (expressed in nanometers) was calculated as the mean of the RMS of both
profile series along the X or Y axis. For example, the RMS of a perfectly smooth surface
would be 0 nm. Figure 2 presents the schematic calculation. For each lamella, three non-
overlapping surfaces were acquired and analyzed, and the mean and standard deviation of the
surface roughness were calculated.

Fig. 2. Method of roughness calculation. Example of an X profile and a Y profile from a height
map (black line). 1/ Mean straight lines (white lines) were generated for each X and Y profile.
2/ Each profile was separated into five sampling lengths. 3/ Rrms was calculated for each
segment, with the n being the number of Z-heights measured between the X (or Y) profile and
its associated mean straight line. 4/ For each X or Y profile, the profile-Rrys was calculated as
the mean Ryys of its five sampling lengths. 5/ X-Rgrms and Y-Rgrus were calculated as the mean
of all profiles along the X or Y axis. 6/ Lastly, total-Rrus was calculated as the mean of X-
mean Rrys and Y-mean Ryys.
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2.7 Statistical analysis

Data were described by their median (25-75th percentiles) and compared using non-
parametric tests with post-hoc tests for pairwise comparisons. Statistical analysis was
performed using SPSS 23.0 (SPSS, Chicago, IL) with p<0.05 deemed significant. Individual
results and their median are stated in all figures for greater clarity.

3. Results

3.1 Effect of dehydration and metallization on surface appearance by scanning
electron microscopy

Surface appearance was generally similar with eSEM and sSEM (Fig. 3), but image contrast
was lower with eSEM than with sSEM. This difference between the two microscopes was
higher for FSL cut lamellae, which presented the smallest structures likely corresponding to
melted-like photo-disrupted collagen fibers. Consequently, the subsequent observations were
performed only with sSEM.

Fig. 3. Comparison of environmental and standard scanning electron microscopy using a
surface state obtained after corneal cutting with a femtosecond laser. Both images are
displayed with the same magnification. Scale bar = 100 um.

3.2 Effect of dehydration and metallization on roughness measurement by chromatic
confocal microscopy

For the three lamellae cut by FSL, surface roughness measured by CCM did not differ
between measurements performed on hydrated lamellae and after dehydration and
metallization, with an RMS of 330, 365 and 412 before treatment and of 359, 385, 397 after
treatment (paired data, P = 0.285 Wilcoxon test). The subsequent experiments were thus
performed with dehydrated, metallized tissues.

3.3 Influence of measurement technique on roughness measurement

The visual rendering and roughness values of lamellae surfaces differed greatly according to
the microscope used, especially in the high-roughness group. The three techniques were
compared only for the 10x10 pm? analysis area, i.e. the maximum reasonably measurable by
AFM (it took 20 minutes to assess a 10x10 um* with AFM). For this small area, AFM and
CCM but not FVM provided significantly rising values for the three surface states (smooth,
low/high roughness). For the smooth control, the three microscopes provided similar values.
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For the low and high roughness surfaces, CCM provided significantly higher values than the
two others (Fig. 4).

Control: smooth surface

m

Low-roughness High-roughness

Standard
SEM

Atomic force 148nm |, ”
microscopy B .
s » p=0.027
Focus-variation 23.0nm . -
microscopy y .
Sl § . p=0.477
Confocal chromatic 260nm |} )
microscopy ; )
N - p=0.027

p=0.055 p=0.039 p=0.027

Fig. 4. Direct comparison of scanning electron microscopy and the three quantitative methods
(atomic force microscopy, focus-variation microscopy, chromatic confocal microscopy).
Lamellae with low and high roughness were compared with the naturally smooth surface of the
Bowman membrane (BM, control). 10x10 um?2 areas selected at random were compared. The
surface of the same lamellae appeared different on the height-maps provided by the three
microscopes, especially in the high-roughness group. Each height-map was presented with its
roughness value expressed in nm. For the same sample, roughness values varied from 1 to 4
according to the measurement methods. Statistics: Kruskal-Wallis tests. P values were
indicated for each row and each column. Scale bar =5 pm.

3.4 Influence of observed area on roughness measurement

FVM and CCM, unlike AFM, allowed roughness measurement on surfaces larger than 10 x10
um’. Figure 5 shows the 3D maps of three areas (100x100 pum?’ 300 x300 pm’ and
1000x1000 pm?) for the same three corneal lamellar surface states previously observed
(smooth, low/high roughness). Visual rendering and roughness values of the surface of the
same lamellae differed according to the technique and to the area analyzed (Fig. 5). FVM
values were significantly higher than CCM values (P = 0.002 Mann-Whitney test). FVM
values increased with surface roughness for 100x100 pm? (P = 0.027) and 300x300 pm® (P =
0.027), but not for 1000 x1000 pm?* (P = 0.193). Conversely, CCM always differentiated
between the three surface states, whatever the area analyzed (P = 0.027 for all), as for 10 x10
um?’ as stated above.

For both methods, roughness values significantly increased when the area analyzed
increased (except for the smooth surface analyzed by CCM). This increase was observed for
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the three surface states (Figs. 5 and 6). However, CCM values stayed in the same order of
magnitude (maximum of x2.3), whereas FVM values ranged from 1 to 4.6 and the highest
increase was observed for the smooth surface.

100 x100 pm? 300 x 300 um? . 1000 x 1000 pm?

Control:BM. Smooth surface

Low-roughness surface

1028 nm

High-roughness surface

Fig. 5. Influence of area observed by focus-variation (FVM) and chromatic confocal
microscopy (CCM) on roughness measurement. 3D maps of lamellae with smooth, low-
roughness and high-roughness surfaces. For each lamella, areas of 100x100 um?, 300x300pum>
and 1000x1000 pum? were characterized by FVM and CCM. Each height-map is associated
with its roughness value in nm.
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Fig. 6. Surface roughness mean and error of three corneal lamellar surfaces (smooth, low/high
roughness) per surface area (100x100 pm? 300x300 pm?, 1000x1000 pm?®) and
characterization technique (focus-variation microscopy (FVM) or chromatic confocal
microscopy (CCM)).

4. Discussion

The present study directly compared two qualitative techniques (eSEM, sSEM) and three
quantitative techniques (AFM, FVM, CCM) for the assessment of surface roughness of
cutting planes obtained after corneal surgical cutting. During lamellar corneal surgery,
stromal surface irregularities due to low-quality cutting can lead to poor visual outcomes [20].
Smoother is generally better. However, there is no clear quantitative definition of a smooth
stromal surface. This is why reliable surface assessment is a crucial step in validating a
cutting technique or new cutting parameters for an existing technique. However, up to now,
the various qualitative and quantitative techniques for surface roughness assessment described
in the literature gave highly variable roughness values, making it difficult indirectly to
compare surface states. The difficulty is further increased by the use of various measurement
methods to assess various cutting methods.

For practical reasons, we chose to work with ex vivo human corneas cut with an FSL and
not with live laboratory animals. The standardized samples that we obtained enabled us to
compare the different measuring devices. In addition, they were representative of donor
corneas cut for different purposes, such as endothelial transplantation or bioengineering. Note
that the same measuring devices could be used to assess any other corneal surface, such as
cuts done in live corneas during animal experiments.

Our protocol, which compares various techniques performed on the same corneal samples
and uses a step-by-step process, controls selection bias caused by variation of roughness
between tissues. However, it does not ensure that the three microscopes analyze exactly the
same area, especially with small areas. This point argues for analysis of the largest possible
areas and/or repetition of measurements on the same specimen, to take account of possible
local roughness variations.

The aspect of the stromal surface was found to be similar with both SEM techniques,
showing that the dehydration and metallization required for sSEM did not affect surface
appearance. On the contrary, sSEM provided better contrast and thus better qualitative
assessment. For this application, eSEM can thus not be recommended. We also showed with
CCM that sample preparation did not cause roughness value bias. We strongly recommend
dehydrated, metallized corneal samples, given their advantages over fresh specimens (storage,
possibility of reexamination).

The three quantitative microscopes provide different roughness values and can thus not be
used interchangeably. For this application, FVM was least reliable. Unlike AFM and CCM, it
only distinguished roughness differences on 100x100 and 300x300 pm’ areas. AFM and
CCM differentiated on all sizes, but CCM gave a wider range of roughness values than AFM
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(for a given area), suggesting CCM is more sensitive. In the present study, we deliberately
chose three very different sample types. In real life, as more subtle differences between
surface states must be measured, CCM seems a better candidate than AFM.

This study showed that roughness is highly dependent on the measurement technique (for
which lateral and vertical resolution vary), and observed area. The lack of harmonization of
techniques described for roughness measurement of corneal surface in the literature makes it
almost impossible to compare surface quality between studies. It is thus crucial to consider
roughness as a relative parameter that must be compared with a control. Above all, the BM,
which is highly reproducible, can serve as a smooth control and a target to be achieved by
optimizing the corneal cut process. The best way to characterize the roughness of any material
(biological or not) is still by using several techniques, as in this study.

Our study has some limitations. Maintaining sample hydration during our CCM
acquisition of hydrated tissue is subject to caution. On the one hand, the hydration rate may
influence the qualitative and quantitative roughness assessments: excess water could form a
layer at the sample surface and hide some of the reliefs, while dehydration could trigger
collagen fiber retraction and artificially increase surface relief. On the other hand, it seems
near impossible to ensure the same hydration rate among samples when roughness is
measured, as the hydration rate of corneal lamellae depends on at least three parameters: their
thickness, time spent outside the humidified chamber, and temperature. By demonstrating that
dehydration and metallization have no significant influence on surface appearance or
roughness values, we eliminated this difficulty and resolved not to assess corneal specimens
in their physiologic environment. Finally, lamella metallization may have a negative impact,
as bright surfaces are not recommended for FVM characterization. Our decision, which also
considered the long acquisition time and the difficulty of maintaining hydration as discussed
above, was pragmatic.

In the literature, AFM is the most common method for measuring roughness of corneal
lamellar cutting. Although authors in the literature commonly use AFM in contact mode in
humidified chambers, we preferred a non-contact mode on metallized samples to avoid the
risk of surface damage by the AFM tip. Despite high resolution, the long acquisition time
restricts observed area and thus the representativeness of the roughness value. Recently,
Dickman et al. measured larger surfaces with a topography profiler comparable to FVM (both
use the same optical principle) [11]. These technologies allow high-speed acquisition and thus
characterization of larger surfaces versus AFM. Dickman et al. obtained a surface roughness
of 2 um for a surface of 255 x 191 um® With our FVM, we obtained half the roughness for
the high-roughness lamella (up to 1 um for a surface of 300 x 300 pm?). This difference
highlights that surface roughness is a relative parameter, even when similar techniques are
used.

All the aforementioned methods are only intended for experimental use of in vitro
samples. Considering the present results, and the fact that the principle of CCM seems
compatible with in vivo use, further work will be necessary to first assess the feasibility of
roughness assessment immediately after corneal cutting in live animals.

5. Conclusion

Compared to FVM and AFM, CCM is a relatively new technology for roughness
characterization, and to our knowledge has not yet been used on corneal tissue. It appears a
reliable alternative combining sufficient resolution, large field of observation, and acceptable
acquisition time. Chromatic confocal microscopy may thus be recommended for the objective
comparison of corneal cutting methods.
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