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Abstract
PURPOSE—To quantify the cut quality of lamellar dissections made with the femtosecond laser
using atomic force microscopy (AFM).

SETTING—Bascom Palmer Eye Institute, University of Miami Miller School of Medicine,
Miami, Florida, USA.

DESIGN—Experimental study.

METHODS—Experiments were performed on 3 pairs of human cadaver eyes. The cornea was
thinned to physiologic levels by placing the globe, cornea side down, in 25% dextran for 24 hours.
The eyes were reinflated to normal pressures by injecting a balanced salt solution into the vitreous
cavity. The eyes were placed in a holder, the epithelium was removed, and the eyes were cut with
a Visumax femtosecond laser. The energy level was 180 nJ for the right eye and 340 nJ for the left
eye of each pair. The cut depths were 200 μm, 300 μm, and 400 μm, with the cut depth
maintained for both eyes of each pair. A 12.0 mm trephination was then performed. The anterior
portion of the lamellar surface was placed in a balanced salt solution and imaged with AFM. As a
control, the posterior surface was placed in 2% formalin and imaged with environmental scanning
electron microscopy (SEM). Four quantitative parameters (root-mean-square deviation, average
deviation, skewness, kurtosis) were calculated from the AFM images.

RESULTS—From AFM, the 300 μm low-energy cuts were the smoothest. Similar results were
seen qualitatively in the environmental SEM images.
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Cadaver corneas were sectioned at 3 depths with 2 energy levels using a femtosecond laser. The 300 μm low-energy cuts were the
smoothest.
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CONCLUSION—Atomic force microscopy provided quantitative information on the quality of
lamellar dissections made using a femtosecond laser, which is useful in optimizing patient
outcomes in refractive and lamellar keratoplasty surgeries.

The femtosecond laser is gaining popularity in the corneal refractive surgery arena, and
multiple systems have been approved by the U.S. Food and Drug Administration to create
the flap during laser in situ keratomileusis (LASIK). This laser is also being used in lieu of
traditional trephines for penetrating keratoplasty procedures. In addition, the femtosecond
laser is being used to prepare donor and recipient corneas for anterior lamellar keratoplasty
(ALK)1 and Descemet-stripping automated endothelial keratoplasty (DSAEK) procedures.
In LASIK and lamellar transplant surgeries (DSAEK and ALK), a smooth stromal surface
will create a clearer interface, which in turn will produce better optical quality.2 Therefore, it
is vital to quantitatively analyze the stromal cut quality produced using different lasers and
settings as well as at different depths in the stroma.

Several studies have assessed stromal smoothness after cutting with different femtosecond
lasers to evaluate their efficacy. The smoothness of the stromal bed after performing LASIK
flaps and deep lamellar cuts (~400 μm) has been studied by several research groups using
scanning electron microscopy (SEM).2-12 The smoothness of the cuts was determined
qualitatively by visual inspection because SEM images alone cannot provide quantitative
roughness information. However, using Scanning Probe Image Processor software (Image
Metrology) to analyze the SEM images, quantitative surface roughness can be extracted.8,9

This software produces a 3-dimensional (3-D) reconstruction of the sample surface based on
differences in darkness of the grayscale images. To more accurately assess the smoothness
of the stromal bed, however, it is vital to use a technique that provides numerical data of the
surface topography. A profilometer based on the principle of 3-D confocal microscopy has
been applied to the stromal surface to provide quantitative roughness information.11 Atomic
force microscopy (AFM) has also been used to image the corneal surface quality after
photorefractive keratectomy13,14 and to quantify the smoothness of femtosecond laser cuts
made in the posterior cornea at different laser energies.15 Atomic force microscopy was first
developed by Binnig et al.16 as a tool to investigate the topography of conductors and
insulators on the atomic scale. It was rapidly improved to enable operation in liquids, which
made characterization of biological samples possible. Atomic force microscopy uses a sharp
tip at the end of a flexible cantilever to scan and probe the sample surface. A force on the
order of piconewtons is created on the cantilever due to the proximity to the sample surface.
This force is kept constant with a feedback mechanism that raises and lowers the cantilever
by means of a piezoelectric element. By keeping the force constant, the tip remains at the
same distance from the surface of the sample and thereby maps out the surface
topography.16,17 Atomic force microscopy can achieve resolutions of 0.1Å and has the
ability to measure immersed samples.

The purpose of the current study was to build on previous corneal smoothness studies15 and
use AFM to quantify the cut quality of lamellar dissections made with a femtosecond laser
(Visumax, Carl Zeiss Meditec AG) at 2 laser energy settings and 3 distinct depths in the
corneal stroma.

MATERIALS AND METHODS
Experimental Protocol

Experiments were performed on pairs of human eyes obtained from the Florida Lions Eye
Bank, Miami, Florida. Human eyes were obtained and used in compliance with the
guidelines of the Declaration of Helsinki for research involving the use of human tissue. The
eyes obtained from the eye bank had been deemed unsuitable for corneal transplantation;
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thus, they had not been placed in storage medium immediately after death. Because of this,
the corneal endothelial cells were no longer viable and the corneas showed a considerable
degree of edema.

To restore the corneal thickness and hydration to physiologic levels, the eyes were placed
cornea side down in 25% dextran on arrival in the laboratory.18 The globes were stored in
dextran overnight in the refrigerator at 4°C. Before experimentation, the globes were
injected with a balanced salt solution (BSS, Alcon Laboratories, Inc.) in the vitreous cavity
until the intraocular pressure was increased to approximately 15 mm Hg. The epithelium
was then removed using alcohol and a #69 Beaver blade. The whole globe was placed in a
purpose-designed holder under the femtosecond laser (500 k Hz), and the cutting was
performed. Table 1 shows the cut energy and the cut depth. The cut depth was maintained in
the right eye and left eye of each pair. In all eyes, the lamellar cut diameter was 7.0 mm, the
lamellar spot and line separations were 1.6 μm, and the lamellar cut method was performed
in a spiral pattern beginning from the corneal center. The line separation for the LASIK
flaps and the 2 energy levels were based on the low and the high ends of what is typically
used clinically with the femtosecond laser to create LASIK flaps. All globes were imaged
with an optical coherence tomography (OCT) system (Visante, Carl Zeiss Meditec AG) to
verify the depth of the cut. When complete, a 12.0 mm trephination of the cornea was
performed. The stromal surface of the anterior corneal lenticule of the sectioned cornea was
placed in a balanced salt solution and transported for imaging with the AFM. Imaging with
the AFM began less than 2 hours after sectioning with the femtosecond laser. The posterior
face of the lamellar incision was placed in 2% formalin and transported for imaging with an
environmental SEM to serve as a control.

Atomic Force Microscope Imaging
A commercial atomic force microscope (MFP-3D-BIO, Asylum Research) was used to
obtain high-magnification images of the cornea sectioned with the femtosecond laser. Care
was taken to ensure that the cut surface was oriented upward before imaging began. This
was verified by placing the cornea so that its natural curvature formed a bowl when placed
on the glass slide. Because this curvature interferes with the cantilever contact with the
sample, 4 slits were made around the periphery of the cornea so that it would remain flat on
the glass slide. The images were obtained in contact mode, in which the cantilever tip is kept
in continuous contact with the sample surface, maintaining constant cantilever deflection
while scanning. The piezoelectric mechanism applies vertical position corrections to keep
this deflection constant, thereby mapping the actual 3-D topography of the sample surface.
Peak-to-peak heights up to 15 μm can be distinguished in this mode. Although tapping-
mode imaging has lower lateral drag forces that may damage the sample, contact mode was
selected because the lateral forces present on compliant samples during tapping mode will
likely blur the surface features that are important in roughness analysis. A pyramidal, silicon
nitride AFM cantilever tip (40 nm tip diameter, nominal spring constant 0.01 N/m, MLCT
series, Bruker AFM Probes) was used to image all samples. Each sample was imaged in 3
discrete spots across the surface with scan sizes of 10 μm ± 10 μm, 50 μm ± 50 μm, and 90
μm ± 90 μm in each spot (total of 9 images per sample). All images were acquired with a
512 point ± 512 point resolution. Hydration of the samples was maintained throughout the
experiments by placing drops of a balanced salt solution on the exposed surface.

Data and Statistical Analysis
All images of the corneal samples were analyzed with the MFP3D program (Igor Pro,
Wavemetrics, Inc.) included with the atomic force microscope. To compensate for
differences in the starting height of the piezoelectric actuator and in the sample slant, the
background slope was removed from all images.15 The following 4 quantitative parameters
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were used to characterize the roughness of the corneal stromal surface: root-mean-square
(RMS) deviation, average deviation, skewness (asymmetry around the mean), and kurtosis
(peakedness or flatness compared with the average height). These values were calculated
from each height image using the MFP3D program. Any images with motion or adhesion
artifacts were excluded from the analysis.

Statistical analysis used 2-factor (depth, energy level) analysis of variance (ANOVA)
followed by post hoc least significant difference tests, as appropriate. In the event of an
interaction between the 2 factors, 1-way ANOVA and 2-sample t tests were used to assess
differences within each energy level and within each cut depth.

The images obtained with the environmental SEM were compared, and the roughness was
scaled relatively between samples. These relative results were then compared with the AFM
quantitative measurements.

RESULTS
Experiments were performed on 3 pairs of human eyes (Table 1).

Figures 1 to 3 show representative height and deflection images obtained using AFM. These
images represent the raw data outputted directly from the image acquisition program
included with the atomic force microscope. The height image gives the exact vertical
displacement of the cantilever tip as it scanned up and down across the topography of the
sample. This image was analyzed to provide the roughness information. The deflection
image provides the degree of bending of the cantilever as it scans across the sample. This
image gives an indication of the hardness of the sample. Typically, the deflection image
provides a more detailed view of the sample ultrastructure. When imaging, the AFM
produces a trace and retrace image in the same area of the sample. The retrace images did
not have noticeable artifacts that could have been due to cantilever contact.

Table 2 shows the roughness parameters for the 6 human eyes. The 2-factor ANOVA of the
RMS, average deviation, and skewness data identified a significant interaction between
energy and depth (P = .069, P = .063, and P = 0.064, respectively). Therefore, it cannot be
assumed that the difference between depths was similar for both low energy and high
energy. Thus, the differences between the 3 depths in each energy level were independently
analyzed from the low energy versus high energy for each cut depth. Analysis of the RMS
data showed that the low-energy cut was significantly smoother than the high-energy cut for
the 300 μm depth only. The average deviation data showed a significant difference between
cut depths for low energy only, with the 300 μm cut having a smaller average deviation than
the 200 μm cut (P = .015). At the low energy, the 200 μm and 300 μm cuts had comparable
skewness (P = .357), which was significantly less than that for the 400 μm cuts (P = .029).
Because higher the kurtosis values mean rougher samples, the kurtosis data suggest that the
400 μm cut was significantly rougher than the 200 μm cut (P = .002) and the 300 cut μm (P
= .039). Therefore, in summary, the results suggest that the 300 μm low-energy cut had the
smoothest surface.

Figure 4 shows the images obtained with the environmental SEM on the posterior face of the
lamellar incision of same samples used for the AFM imaging studies. Qualitatively, the cuts
at 300 μm appeared the smoothest, followed by the 200 μm cuts and then the 400 μm cuts.
These results corresponded to the quantitative AFM data and the statistical analysis of the
data. The low-energy and high-energy cuts appeared to have similar smoothness based on
the environmental SEM images.
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DISCUSSION
In this pilot study, human cadaver corneas were sectioned at 3 distinct depths with 2 energy
settings using the Visumax femtosecond laser. Atomic force microscopy was used to
provide quantitative information on the cut smoothness. The samples were imaged
immediately after cutting, and hydration was maintained throughout the imaging. Four
quantitative roughness parameters calculated directly from AFM measurements were used to
quantify cut smoothness. The roughness was calculated from the actual vertical adjustments
made by the piezoelectric mechanism as it scanned across the sample. The vertical range of
the piezoelectric mechanism allows roughness measurements up to 15 μm with
subnanometer precision.

As a control, the samples were imaged with an environmental SEM. The smoothness of the
cuts at each depth was qualitatively graded relative to each other, and it was determined that
the 300 μm cuts were the smoothest, as was determined from the quantitative AFM results.
However, simple inspection of the environmental SEM images was insufficient to make
conclusions about relative differences between low energy and high energy. The quantitative
AFM results showed that the low-energy cuts were smoother that high-energy cuts at a
depth of 300 μm in the cornea.

Because the smoothness of the lamellar section affects visual and refractive outcomes of the
patient,7-10 it is important to carefully select the laser settings to optimize postoperative
quality of vision. In this study, we compared 2 laser energies; that is, 180 nJ (low) and 340
nJ (high). Using the Visumax femtosecond laser, the low-energy cuts were smoother at a
depth of 300 μm in the cornea, although no statistically significant relationship was found
for low-energy versus high-energy cuts at 200 μm and 400 μm. A recent study by Serrao et
al.15 evaluated the smoothness of the corneal stroma after sectioning with the Intralase iFS
femtosecond laser (Advanced Medical Optics, Inc.) with different laser settings by imaging
with AFM. They found that roughness increased with increasing laser power. Although their
study found the same qualitative results as the current study, the quantitative values reported
by Serrao et al. for RMS roughness and average deviation were approximately 5 times
smaller, although the image analysis protocol was the same. The difference is most likely
the result of the methodology; that is, the femtosecond laser used was different, the samples
were cut at a different depth in the cornea, and the samples were placed in a glutaraldehyde
fixative before imaging in the Serrao et al. study.

We found that the smoothest cuts were obtained at a depth of 300 μm. A previous study6

found that lamellar cut smoothness decreased as the cut depth increased. The posterior
stroma is known to be anatomically different from the anterior stroma, which may explain
why the roughness would vary as a function of depth. In addition, deeper cuts will result in
more laser scatter and consequent attenuation of laser energy. In the current study, corneal
hydration was brought back to physiologic levels through the use of 25% dextran. This
preparation protocol was effective at removing the water taken up in the cornea postmortem
for the 200 μm and 400 μm cut depths. The deeper cut was rougher than the more
superficial cut, which corresponds to data available in the literature.6 However, the longer
postmortem time of the 300 μm cut depth made the preparation protocol less effective at
restoring the cornea to physiologic levels. The differences in the hydration state of this pair
of eyes could have affected the results obtained in this study. This observation stresses the
importance of proper maintenance of hydration during experimentation. In addition, our
analysis of the effect of cut depth within the energy levels is confounded by with the donor
from whom the eyes came. The low-energy versus high-energy analysis was performed on
paired eyes; however, the analysis as a function of cut depth was on eyes from different
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individuals. It is possible that the 300 μm cuts were smoother due to intrinsic characteristics
of that particular individual’s cornea.

During the imaging, the corneas were hydrated with a balanced salt solution, which can
result in corneal swelling over time. In addition, 4 slits were made in the cornea so that it
would lie flat on the glass slide. These slits served as an additional entry point for the
balanced salt solution during the 3 hours it took to acquire the images. To address these
hydration concerns during lengthy AFM imaging, previous researchers13,15,19 fixed the
cornea in 2.5% glutaraldehyde 24 hours before imaging. Dehydrating the samples will
eliminate swelling during imaging. However, we wanted to acquire images and perform
roughness analysis of fresh unfixed samples. To determine whether changes in hydration
affected the quantitative roughness calculated, we analyzed the roughness parameters as a
function of time and found no significant relationship. We are therefore confident that any
differences in roughness observed were due to the cut and not to sample hydration.

Previous studies of the cornea ultrastructure using AFM were performed in contact
mode13,14,20,21 and tapping mode.22-27 Although contact mode produces lateral drag forces
that may damage the sample, it was selected for this study because the lateral forces present
on compliant samples during tapping mode will likely blur the surface features important in
the roughness analysis. Sample damage was most likely minimized by the low contact force
that was maintained throughout the imaging. Qualitatively, the images obtained in the
current study are comparable to those available in the literature.13

Atomic force microscopy was used to provide quantitative information on the quality of
lamellar dissections at different depths and energy settings using the Visumax femtosecond
laser. Additional studies using AFM should be performed to compare the cut quality using
different femtosecond lasers. This information may be useful to optimize patient outcomes
in refractive and lamellar keratoplasty surgeries.
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Figure 1.
Atomic force microscopy images of the 200 μm cut depth.
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Figure 2.
Atomic force microscopy images of the 300 μm cut depth.
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Figure 3.
Atomic force microscopy images of the 400 μm cut depth.
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Figure 4.
Environmental SEM images obtained on the posterior face of the lamellar incision of same
samples used for the AFM imaging studies.
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Table 2

Summary of roughness parameters for the 200 mm, 300 mm, and 400 mm depths.

Mean ± SD*

Cut Depth/Energy RMS Deviation (mm)
Average Deviation

(mm) Skewness Kurtosis

200 μm

 Low 0.93 ± 0.73 0.86 ± 0.57 −0.10 ± 0.35 −0.48 ± 0.42

 High 1.03 ± 0.67 0.87 ± 0.59 0.04 ± 0.19 −0.57 ± 0.46

300 μm

 Low 0.41 ± 0.26 0.33 ± 0.21 0.11 ± 0.41 −0.05 ± 0.27

 High 1.44 ± 0.04 1.17 ± 0.08 −0.17 ± 0.39 −0.35 ± 0.71

400 μm

 Low 0.83 ± 0.33 0.64 ± 0.26 0.49 ± 0.64 0.73 ± 0.96

 High 0.74 ± 0.57 0.60 ± 0.48 −0.30 ± 0.73 0.36 ± 1.51

RMS = root mean square

*
Of all images included in analysis
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