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Abstract. Femtosecond near-infrared lasers are widely used for a number of ophthalmic procedures, with flap
cutting in the laser-assisted in situ keratomileusis (LASIK) surgery being the most frequent one. At the same
time, lasers of this type, equipped with harmonic generators, have been shown to deliver enough ultraviolet (UV)
power for the second stage of the LASIK procedure, the stromal ablation. However, the speed of the ablation
reported so far was well below the currently accepted standards. Our purpose was to perform high-speed photo-
refractive keratectomy (PRK) with femtosecond UV pulses in rabbits and to evaluate its predictability, reproduc-
ibility and healing response. The laser source delivered femtosecond 206 nm pulses with a repetition rate of
50 kHz and an average power of 400 mW. Transepithelial PRK was performed using two different ablation pro-
tocols, to a total depth of 110 and 150 μm. The surface temperature was monitored during ablation; haze dynam-
ics and histological samples were evaluated to assess outcomes of the PRK procedure. For comparison,
analogous excimer ablation was performed. Increase of the ablation speed up to 1.6 s∕diopter for a 6 mm optical
zone using femtosecond UV pulses did not significantly impact the healing process. © The Authors. Published by SPIE
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1 Introduction
Since the first appearance of near infrared (NIR) femtosecond
lasers in refractive surgery as a tool for flap creation,1 the num-
ber of applications for these lasers in ophthalmic surgery has
grown significantly. It is now possible to complete at least
myopic correction using only the femtosecond laser,2,3 although
this procedure still has not made pulsed ultraviolet (UV) lasers
obsolete. The excimer laser has been the laser source of choice
for photorefractive keratectomy (PRK) since the introduction of
the procedure;4,5 later on, it also took a choice position in laser-
assisted in situ keratomileusis (LASIK)-type surgeries. Excimer
laser-based systems evolved from high energy, low repetition
rate lasers that covered a large area of the cornea in a single
shot into ∼1000 Hz repetition rate flying spot machines with
sophisticated scanning patterns and fast eye tracking sys-
tems.6–9 Most practical disadvantages of the excimer lasers
(intense maintenance required, toxic gases used as gain medium,
relatively low stability of output, poor beam quality) have been
successfully overcome or at least became manageable by the use
of sophisticated engineering solutions and application proto-
cols.10,11 The clinical outcomes of UV systems for corneal abla-
tion based upon nanosecond solid-state lasers with harmonic
generators12,13 have been demonstrated to be equivalent to
those of excimer lasers.14 However, the inherent advantages

of solid-state lasers like better shot-to-shot stability did not
prove to be decisive in gaining a considerable market share.
This situation could change if solid-state technology would
allow for significant integration of the equipment used for
both stages of the LASIK treatment, thus reducing the cost
of the systems.15,16 In this regard, the use of high power femto-
second lasers capable of producing substantial UV power via
harmonic generation appears a straightforward solution.

In our previous work, we have shown that UV pulses pro-
duced as the fifth harmonic of a femtosecond Ytterbium
doped laser enable highly accurate and predictable ablation
on model materials, as well as on the corneas of enucleated por-
cine eyes.17 The ablation threshold fluence with femtosecond
pulses was similar to that reported for excimer lasers, which
indicated that absorption was dominated by linear single photon
process.17 Our experiments, in which rabbit corneas were treated
in vivo with femtosecond UV pulses, did not show any adverse
effects that could be induced specifically by high peak intensity,
and the healing responses were similar to those after excimer
ablation.18 To be able to compare the results of ablation due
to the two lasers, we adjusted the average power of our femto-
second UV source to that of the excimer laser we had at our
disposal. As a result, the ablation was relatively slow, at
3.7 s∕diopter (s∕D), which is well below the industry standards
currently accepted. A faster ablation speed is considered an ad-
vantage due to several factors. First, it has been proven that cor-
neal hydration affects the excimer laser ablation rate.19 Longer
exposure of the ablated surface can enhance the dehydration of
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the corneal stroma, resulting in less predictable refractive out-
comes. A shorter duration of the procedure is more comfortable
for patients and surgeons, and the risk of undesired eye
movements is smaller.6 Sufficient ablation speed is also a
requirement for the transepithelial photorefractive keratectomy
ablation (TransPRK), an advanced “no-touch” surface ablation
technique.20–22

The aim of the present study was to perform high-speed cor-
neal ablation on rabbit corneas using high average power
(400 mW) femtosecond UV pulses at a 50 kHz repetition
rate to investigate the predictability and reproducibility of abla-
tion of both the epithelium and stroma and to evaluate the heal-
ing responses. The transepithelial version of PRK was chosen
for several reasons. First, variations in the eye treatment prior
to ablation, such as mechanical stress, dehydration, and the
shape of the area from which the epithelium was removed,
can be avoided. Second, the chances of contamination in the
cornea and remaining epithelium could be significantly reduced.
Third, this type of procedure requires a large amount of tissue to
be removed, thus extending the UV exposure time and facilitat-
ing the detection of potential problems (e.g., surface roughness,
tissue damage due to heating).

2 Materials and Methods

2.1 Femtosecond Laser System

To increase the ablation rate of the corneal stroma, we have
modified the laser system that was previously described in
detail.17,18 First, the laser was switched to the standard pulse
duration mode (280� 10 fs pulses instead of 200� 10 fs in
the short pulse mode), which is more power efficient. This alter-
ation enabled us to increase the average power of the fundamen-
tal laser radiation (1030 nm) up to 5 W at a 50 kHz pulse
repetition rate, which in turn resulted in an average UV
power up to 400 mW. Second, higher-speed galvanometer scan-
ners (hurrySCAN II7, Scanlab AG) were installed to reduce the
time intervals when the laser is switched off during acceleration.
Third, the UV pulse generator was equipped with a beam shaper
to achieve a near second order super-Gaussian beam profile at
the corneal surface (Fig. 1). The beam diameter at the 1∕e2
intensity level was estimated to be 115� 5 μm, which is in

good agreement with the 113� 10 μm obtained using the
knife-edge method.23 Assuming the super-Gaussian intensity
distribution, the peak fluence with these laser settings was
135� 5 mJ∕cm2, which is close to the value we used in our
previous experiments on rabbits.18

We also modified the scanning pattern to maintain low local
heating and to achieve a smooth ablation surface at a higher
pulse repetition rate. The tissue was removed by ablating circu-
lar layers, each of which consisted of five sublayers. The laser
beam was scanned in a raster pattern with the distance between
adjacent raster lines in a sublayer of 275 μm and the distance
between adjacent spots in the raster line of 55 μm. Each of
the following sublayers was displaced by 55 μm in the direction
perpendicular to the raster line. The layers were rotated with
respect to each other (Fig. 2). This arrangement ensured efficient
cooling due to heat migration into the depth of the cornea and in
the direction perpendicular to the raster line while minimizing
the number of lost laser pulses. The myopic ablation of stroma
was realized as a stack of ablation layers with varying diameter.
In order to minimize the heating of the central part of the cornea,
the ablation layer with the smallest diameter was followed by
one with the largest diameter, and so on, until the process
was completed by two layers of approximately equal diameter.

2.2 Animals and Surgery

Approval for this study was obtained from the Lithuanian State
Food and Veterinary Service (number 0213, issued 2011.02.12).
Thirty-three pigmented rabbits aged 3 to 6 months and weighing
1.3 to 3.2 kgwere included in the study. Anesthesia was achieved
by an intramuscular injection of ketamine hydrochloride
(Bioketan, Vetoquinol) (35 mg∕kg) and xylazine hydrochloride
(Xylazine 2%, Alfasan) (5 mg∕kg). After the application of a
sterile drape, one drop of topical anesthetic proxymetacaine
hydrochloride 5 mg∕ml solution (Alcaine, Alcon) was applied,
and the eyewas immobilized using a vacuum suction ring. Before
ablation, another drop of topical anesthetic was administered. At
the end of the surgery, the corneas were flushed with a balanced
salt solution (BSS) (Distra–Sol, OphconD.Roesee.K.) and dried
with a sterile sponge. Dexamethasone/chloramphenicol ointment
(OftanDexa-Chlora, Santen) was applied, and a sterile bandage
was placed for several hours. During the postoperative period,
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Fig. 1 (a) Image of the UV beam at the ablation plane and (b) intensity distributions along the x and y
axes. The CCD camera recorded the fluorescence of a sapphire plate positioned at the ablation plane.

Journal of Biomedical Optics 051037-2 May 2015 • Vol. 20(5)

Danieliene et al.: High-speed photorefractive keratectomy with femtosecond ultraviolet pulses



dexamethasone/chloramphenicol drops (OftanDexa-Chlora,
Santen) were applied four times per day for 5 days.

The study involved calibration and three treatment modal-
ities: nonstop TransPRK with femtosecond UV pulses, ablation
with excimer pulses, and the modified TransPRK with femto-
second UV pulses.

2.2.1 Calibration

To determine the amount of removed tissue per layer as well as the
number of layers required to completely remove the corneal epi-
thelium, myopic TransPRK of 190 scanning layers was performed
in two eyes of two rabbits. Wewere not able to accurately measure
the ablation speed of the corneal epithelium and corneal stroma
separately because we had no ability to measure the thickness of
the epithelia of the individual corneas before ablation. However,
we were able to determine the exact moment of epithelial debride-
ment by clearly observing the disappearance of the blue fluores-
cence24,25 as the ablation procedure progressed (Fig. 2). The
epithelium of all eyes was completely removed after 64 scanning
layers. The published values of rabbit epithelium thickness range
from 32.2 to 47.7 μm,26–31 implying that the rate of the epithelial
ablation in our study was ∼0.6 μm∕scanning layer.

2.2.2 Nonstop TransPRK with femtosecond UV pulses

Monolateral nonstop TransPRK at ∼110 μm in depth for an
optical zone of 6 mm with a 0.6-mm transition zone was per-
formed in 20 rabbits. We estimated that this would include 60 to
80 μm of the stromal tissue and that the myopic ablation of
70 μm central depth within the 6 mm optical zone corresponded
to a ∼5.0 D refraction change. The intended ablation profile is
shown in Fig. 3.

The central corneal thickness (CCT) was measured using an
ultrasound pachymeter (Pocket II, Quantel Medical SA) on a dry
surface before and after ablation. An infrared thermal camera
(ThermaCAM S65, FLIR Systems, Inc.) was used for the mon-
itoring of the surface heating. The temperature increase pre-
sented in graphs corresponds to the hottest spot, which was
in the center of the ablated area.

2.2.3 Ablation with excimer pulses

Monolateral transepithelial ablation was performed using a
commercial excimer system (Technolas 217z100, Technolas
Perfect Vision GmbH) in 10 rabbits. An eyelid speculum was
inserted, and surgery was performed without a suction ring
using an eye-tracking system. Laser parameters included a rep-
etition rate of 50 Hz, fluence of 120� 5 mJ∕cm2, pulse duration
of 18 ns, and beam diameter of 2 mm. The epithelium was

removed in a 6.6 mm zone using the phototherapeutic keratec-
tomy (PTK) mode, followed by myopic ablation in the plano-
scan mode of 70 μm of the stroma in a 6-mm optical zone. This
mode was chosen to keep the ablation profile close to the one
applied in TransPRK with femtosecond UV pulses (Fig. 3), i.e.,
to remove the epithelium without reshaping the cornea and to
perform myopic ablation only in the stroma. The PTK depth
was set to 55 μm, which exceeded the expected epithelial thick-
ness. The intensity of the blue fluorescence decreased abruptly
during the last pass of the PTK stage, which we assumed to be
an indication of complete epithelial removal.

According to the manufacturer’s protocol, the procedure was
frequently paused. During PTK, the ablation was paused seven
times for ∼2 s; the adjustment of laser parameters for myopic
ablation after PTK took ∼3 min; and during stromal ablation, the
process was paused three times for ∼2 s. Pachymetry was per-
formed before ablation, after the removal of the epithelium, and
after the ablation of the stroma. Measurements after stromal abla-
tion were possible only after moistening the probe tip with BSS.

2.2.4 Modified TransPRK with femtosecond UV pulses

The modified procedure was introduced to make better
comparisons between the femtosecond and excimer systems,
as the excimer ablation depth resulted in a value of
151.4� 19.7 μm instead of the expected 110 μm (see Results
for details). We modified the femtosecond procedure to match
this final depth (150 μm) by setting deeper spherical ablation
of the stroma and included pauses to reproduce the duration
of the excimer ablation. Extension of the epithelial ablation
stage was not used as there was strong evidence that the extra
depth in the excimer ablation resulted from the excessive removal
of the stroma. The process of the epithelial removal was well

Fig. 2 The nonstop transepithelial femtosecond ablation procedure. Figure shows the progress of the
disappearance of the blue fluorescence as the ablation progresses from the epithelium to the stroma
(Video 1 QuickTime, 11.7 MB) [URI: http://dx.doi.org/10.1117/1.JBO.20.5.051037.1].

6.6 mm

6 mmCorneal
stroma

Epithelium

Fig. 3 The attempted ablation profile of the TransPRK with femtosec-
ond UV pulses. Eighty percent of the epithelium was ablated without
the transition zone, forming a cylinder with abrupt edges. The transi-
tion zone was initiated in the deep epithelium and led to the 6 mm
optical zone in the stroma, where the myopic ablation was performed.
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defined by the blue fluorescence of the epithelial tissue. Besides,
pachymetrymeasurements after the re-epithelialization at 1week
indicated that in excimer cases, the stromal, not the epithelial
ablation was deeper than in nonstop femtosecond UV cases
(Table 1). In addition, the increased depth using the epithelial
ablation pattern would have produced sharper edges in the tran-
sition zone, which could have affected the reepithelialization
process and the final haze score.32 Five rabbits previously treated
by excimer ablation underwent the modified TransPRK with
femtosecond UV pulses for previously untreated eyes at 2.5
months after excimer surgery. Pachymetry measurements were
taken at the same stages as in the excimer ablation procedure
and no moistening of the probe tip was required.

2.3 Evaluation of the Residual Smoothness

Both eyes of one animal underwent transepithelial excimer abla-
tion, as described above. For comparison, the modified
TransPRK with femtosecond UV pulses was performed on
the previously untreated eyes of three rabbits after the comple-
tion of the follow-up period of 6 months. The animals were
humanely killed immediately after the procedure, and their
eyes were enucleated for histological examination.

2.4 Follow-up and Corneal Haze Grading

Two eyes after nonstop TransPRK with femtosecond UV pulses
were excluded from the follow-up due to postoperative keratitis;
however, their intraoperative data (CCT and ablation rates) were
included. Ten rabbits were followed-up for four weeks, and
eight were followed-up for up to 6 months. Five eyes after
the excimer ablation were followed-up for four weeks, and

five for two months. The follow-up period after the modified
femtosecond UV ablation was four weeks.

Postoperative slit-lamp biomicroscopy examinations, pho-
tography and pachymetry were performed without general anes-
thesia weekly for four weeks and monthly thereafter. The level
of haze in the corneas was graded according to the Fantes
scale,33 which scores the highest degree of haze at grade 4.
Corneal haze score data were analyzed using the statistical non-
parametric Mann–Whitney test (p ¼ 0.05), as has been previ-
ously reported.18

2.5 Corneal Collection and Histology

To evaluate the smoothness, five corneas (two after the excimer
and three after the modified TransPRK with femtosecond UV
pulses) were obtained immediately after treatment. Five eyes
after femtosecond UV 110 μm, five after excimer 150 μm
and four after femtosecond UV 150 μm ablation were obtained
at four weeks after treatment, as previous studies have shown
that the haze in rabbit corneas peaks at 1 month after both exci-
mer PRK34 and femtosecond UV ablation.18 Light microscopy
of the specimens stained with hematoxylin and eosin was per-
formed as previously described.18

3 Results

3.1 Ablation Depth and CCT Changes

The results of pachymetric CCT measurements and calculated
thickness changes are presented in Table 1.

To evaluate the reproducibility of the epithelial debridement,
11 video-records of the nonstop femtosecond UVablation proc-
ess were analyzed. We found that the mean variation of the

Table 1 Ultrasound pachymetry measurements of the central corneal thickness changes during different ablation modes.

Nonstop TransPRK
with femtosecond
UV pulses, 110 μm

Excimer ablation,
150 μm

Modified TransPRK with
femtosecond UV pulses,

150 μm

Mean central corneal thickness, μm

Before ablation (D1) 347.0� 30.5 370.7� 26.0 359.2� 20.1

After removal of epithelium (D2) — 282.6� 18.6 293.4� 12.9

After myopic stromal ablation (D3) 237.7� 26.4 219.3� 17.9 210.8� 9.4

One week after ablation (D4) 269.6� 23.5 249.9� 18.8 239.6� 13.4

Thickness of removed corneal tissue, μm

Epithelial removal stage (until change
in fluorescence) (D1-D2)

— 93.4� 12.0 65.8� 11.6

Stromal ablation stage (D2-D3) — 62.4� 9.8 82.6� 8.0

Total thickness of removed corneal tissue, μm

Immediately after ablation (D1-D3) 109.3� 10.5 151.4� 19.7 148.4� 15.9

One week after ablation (D1-D4) 75.8� 23.3 120.8� 17.4 119.6� 28.3

Estimated thickness of epithelium after regrowth, μm

One week after ablation (D4-D3) 34.9� 20.5 30.6� 19.5 28.8� 13.9
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epithelial thickness within the ablation zone of 6 mm in diameter
for each individual rabbit was ∼12% of the maximal thickness
(4 to 6 μm). No pronounced difference in the debridement time
between the center and periphery of the ablated area was evi-
dent, and areas with maximal epithelial thickness were distrib-
uted randomly. Thickness measurements after epithelial
debridement were not possible in the nonstop procedure, how-
ever, pachymetry immediately after stromal ablation revealed
high reproducibility (see Table 1). The attempted total ablation
depth of 110� 15 μm was achieved in 90% of the eyes treated
with high-speed nonstop femtosecond UV ablation (Fig. 4). In
five corneas treated with the modified femtosecond UVablation,
the average achieved ablation depth (148.4� 15.9 μm) also
closely matched the intended ablation depth (150 μm).

When removing the epithelium during the excimer pro-
cedure, the stromal surface was exposed after completing
PTK ablation with a depth setting of 55 μm. Although it was
more difficult to visually observe the disappearance of the
blue fluorescence during this process due to the illumination
of the operative field, it was easily detectable on the video.
The depth of the PTK in the center of the ablation zone was
unexpectedly high, 93.4� 12 μm instead of the expected
55 μm. The total ablation depth was thus 151.4� 19.7 μm, sig-
nificantly greater than planned (110 μm). There are a number of
factors that could lead to a rather large mismatch between
attempted and measured corneal ablation depths in the case
of excimer ablation. The accuracy of the pachymetry measure-
ments could have been affected by the change in the hydration of
the cornea, since some force had to be applied to establish the
acoustic contact between the probe and the ablated surface of the
stroma. The actual thickness of the stroma could have been
reduced due to dehydration because of long treatment time
and high absorption of water at the excimer wavelength, and
the ablation rate of stroma also could have been affected. Yet
another possible source of discrepancy is the fact that the diam-
eter of the treatment zone was only approximately three times
the beam diameter, which makes it difficult to achieve a per-
fectly uniform ablation.

The resultant stromal ablation depth measured after the re-
epithelialization in both variations of the ablation procedure
with femtosecond UV pulses was found to be as expected; in
the eyes ablated with the excimer pulses, this value was 120.8�
17.4 μm instead of the intended 70 μm. At this point,

pachymetry measurements should not have been affected by
differences in hydration of the stroma, and other possible meas-
urement errors should be similar for all ablation cases.
Therefore, we assume that more than the planned stromal tissue
was ablated during excimer treatment, and most likely during
the PTK stage.

We should also note that significant deviation of the mea-
sured ablation depth from the attempted one, which strongly
depended on the ablation time, was observed when TransPRK
was performed in humans.35

3.2 Ablation Speed

The CCT data after femtosecond ablation procedures were ana-
lyzed, and the ablation rate of the corneal tissue was evaluated.
Assuming that the ablation speed of the corneal epithelium and
stroma was the same, it could be estimated that ∼280 pL of cor-
neal tissue per 1 mJ have been removed using the high-speed
femtosecond UV laser system. As a result, a refractive change
of 1-D in the 6 mm optical zone could be created in ∼1.6 s.
Alternatively, evaluation of the refraction change was made
by measuring the change of the CCT36 after re-epithelialization
and resulted in speed values of ∼1.45 s∕D for the nonstop pro-
cedure and ∼1.62 s∕D for the modified procedure. In the latter
case, the speed was calculated by taking into account only the
actual ablation time, i.e., with pauses excluded. The durations of
the stages of the ablation are presented in Table 2.

3.3 Temperature Rise

The graphs of the temperature increase for different kinds of
treatments are presented in Fig. 5. During the nonstop femtosec-
ond TransPRK, the increase in the maximum corneal surface
temperature peaked at the end of the procedure and was
<7°C (Fig. 5). The temporal dependence of the surface temper-
ature was directly related to the laser beam scanning algorithm.
Ablation of the epithelium was performed within the area of
6.6 mm in diameter and lasted ∼15 s. After that, the ablation
zone was reduced to 6 mm, and myopic ablation started (Fig. 2,
see video from the second 15). During the myopic ablation, the
average power density was higher in the center of the ablation
zone in contrast to the epithelial ablation, where the laser power
was distributed uniformly over the ablated area. No pauses for
cooling were introduced, and stroma was already preheated due
to the heat transfer from the epithelium. These factors caused an
additional temperature increase during the stromal ablation.

The red line in Fig. 5 (color online) represents the dynamics
of the corneal surface temperature during the myopic ablation
with excimer laser pulses (epithelial ablation is not included).
The recorded increase in the corneal surface temperature was
less than 4.5°C during the entire excimer ablation procedure.
The lowest corneal surface temperature was registered during
the modified femtosecond TransPRK. Due to the pauses, the
overall increase in temperature did not exceed 3°C, whereas
the maximum temperature increase during the epithelial removal
was only 1.5°C (Fig. 5, blue line, color online).

3.4 Postoperative Complications

Two cases of keratitis were observed after the nonstop
TransPRK with femtosecond UV pulses. In one animal, an epi-
thelial defect with corneal infiltration and hemorrhage under the
nictitating membrane was noted on the seventh day after
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TransPRK with femtosecond UV pulses.
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surgery. In another case, the healing process was uncomplicated
for three weeks, but at week 4, a ring infiltrate in the ablation
zone developed. While excimer surgery took place in an oper-
ating room, procedures with femtosecond UV pulses were per-
formed in a laboratory room where aseptic conditions could not
be completely ensured. Another source of infection could have
been a nondisposable suction ring, which was used to immobi-
lize the eyes during the femtosecond UV ablation.

3.5 Subepithelial Haze Measurements

Figure 6 shows the development of haze after different treat-
ments. No statistically significant difference was found in the
data on the corneal haze score after nonstop TransPRK with
femtosecond UV pulses and excimer laser ablation during the
follow-up period of 1 month. The least intense haze was
observed after the modified femtosecond UV treatment. This
value was even lower than after the shallower ablation with fem-
tosecond UV pulses.

Comparing the degree of haze in the contralateral eyes of the
same animals treated by excimer and the modified TransPRK,
we found that the latter treatment induced less haze. Statistical
analysis showed a significant difference in the corneal haze at 1
week (p ¼ 0.0135) and at 1 month (p ¼ 0.0415) after the
modified TransPRK with femtosecond UV pulses compared
with haze after the other procedures; however, there were
only five rabbits in this group.

3.6 Histological Examination

In samples taken immediately after ablation, relatively smooth
ablated surfaces were observed. Light microscopy revealed no
noticeable differences in the surface smoothness after excimer
(150 μm) or femtosecond UV ablation (150 μm).

At 1 month, all corneas after the femtosecond UVablation of
110 μm exhibited normal epithelial thickness, with minor var-
iations in smoothing out the stroma (Fig. 7). In three eyes, pos-
sible edema of solitary epitheliocytes was noted. In most of the
corneas treated by excimer or the modified femtosecond UV
ablation, reduced epithelial thickness was observed. Light
microscopy of the specimens with corneal haze demonstrated
similar subepithelial fibrous layers in the eyes after different
treatments. The deeper stroma and inner layers revealed no vis-
ible changes.

4 Discussion
After upgrading the laser system, the myopic corneal ablation
speed in rabbit corneas increased by nearly a factor of four com-
pared with the laser setup used in our previous experiments.18

The main reason for this increased speed was the increased rep-
etition rate of the laser (50 kHz against 20 kHz) and thus of the
average power of the UV radiation. Further, fewer pulses were
lost due to the faster scanners, and the ablation was more effi-
cient due to the beam intensity distribution with relatively less
power in subthreshold wings.

Quite inevitably, higher average power applied led to a tem-
perature increase at the surface of the cornea, which is assumed

Table 2 Durations of the ablation stages.

Nonstop TransPRK with
femtosecond UV pulses,

110 μm
Excimer ablation,

150 μm

Modified TransPRK with
femtosecond UV pulses,

150 μm

Epithelial ablation (including pauses) 15 s (15 s) 55 s (∼69 s) 15 s (29 s)

Pause between epithelial and stromal ablations — ∼180 s 180 s

Stromal ablation (including pauses) 8 s (8 s) 30 s (∼36 s) 14 s (20 s)

Total procedure duration 23 s ∼285 s 229 s
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Fig. 5 Corneal surface temperature changes during the ablation proc-
ess at the center of the treatment zone. Δt indicates the pause
between the epithelial and stromal ablations.
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to be a risk factor for the development of postoperative haze. In
our case, increased power seems not to have influenced the heal-
ing process significantly. The healing process and its outcomes
in terms of haze and histopathology evaluations were similar to
those described in our previous study, in which we compared the
outcomes at 1 month after femtosecond UV (180� 5 mW,
20 kHz) or excimer ablation.18 This similarity arises despite
the fact that in the nonstop TransPRK procedure, the ablation
of the stroma began immediately after epithelial debridement,
when the temperature was already elevated. Although the tem-
perature did not exceed the accepted safe level of 7°C,37 the rab-
bits after TransPRK treatment with the excimer laser developed
less haze if the values were weighed against the thickness of the
removed cornea. It is interesting that the lowest degree of haze
developed in the corneas that were treated with the deeper fem-
tosecond UV ablation with pauses. One of the possible causes
could be the reduced temperature, which was even lower than in
the excimer case. Although the correlation between the corneal
temperature during the surgery and the amount of haze has been
observed, the sample size (five rabbits) precludes making def-
inite conclusions. The different groups and ages of the rabbits
treated by the excimer and modified femtosecond procedures are
among the factors that could have impacted the outcomes.
Therefore, the thorough testing of the hypothesis that haze is
caused by the thermal stress induced by the ablation remains
a subject of a separate study.

It has been shown by Mrochen et al. that both linear and cir-
cular scanning with spot overlap led to high temperature
increase, which could be significantly reduced by optimizing
the scanning pattern.38 A computer algorithm called “intelligent
thermal effect control” has been developed to avoid thermal
overload without increasing the treatment duration.39,40 The
algorithm assumes the capability of the scanning system of mov-
ing the laser beam to any location between the subsequent laser
shots. With a repetition rate of tens of kilohertz as in our case,
the available scanners are too slow to control every pulse, which
means only the distances between adjacent spots in the raster
lines can be optimized. Shraiki and Arba-Mosquera37,41 have
proposed a model for the evaluation of thermal load based
on the local frequency, i.e., the repetition rate of laser pulses
delivered on the same location. Our evaluation shows that dur-
ing the nonstop femtosecond ablation of the epithelium the local
frequency was 13 Hz, whereas during the stromal ablation stage,
it reached up to 31 Hz. These numbers are smaller than those for
typical excimer applications,37 however, the temperature rise
may be influenced by the spot size. It is quite obvious that
the temperature increase would be significantly less if standard

PRK or LASIK procedures, rather than transepithelial tech-
niques, were used for the same depth of stromal ablation.
The need for temperature control may arise only if large refrac-
tive errors are to be corrected.

In the present study, TransPRK with the epithelium ablated
first was chosen to observe the healing process after the “worst”
treatment conditions in terms of the surface heating.

We see several possibilities of reducing the peak temperature
when a high repetition rate laser is to be used for TransPRK. The
simplest of these is the introduction of brief pauses at the final
stage of corneal shaping, which would cause only a minor
increase in the overall procedure time. Another possibility is
to blend the shaping of the cornea with the epithelial removal
to avoid prolonged scanning of the laser beam over a small area,
or to use reverse TransPRK when the myopic ablation is per-
formed first while the cornea is still at normal temperature.20,22

Some additional temperature reduction may be achieved by
increasing the fluence further above the threshold. In our
case, the entire ablation was performed with fluence below sat-
uration, which is referred to as a high fidelity regime.42 In addi-
tion to the optimization of the laser and scanning parameters,
additional means, such as cooling the cornea prior to ablation
by chilled BSS,43 may also be applied.

For the TransPRK type of surgery, it is important to remove
the epithelium in a predictable manner; otherwise, extra tissue
may be removed from the cornea unnecessarily. Our findings
show that with femtosecond UV pulses, the process is highly
reproducible. The variable thickness of the epithelium over
the debridement area was found to span only a few micrometers,
not significantly affecting the residual thickness of the cornea. It
is worth noting that the excitation of the fluorescence after fem-
tosecond UV pulses at 206 nm provides a very good contrast
between the epithelium and the cornea and that fast scanning
allows for easy surface monitoring. This feature potentially
can be used to provide real-time feedback for the detection
of complete epithelial removal. The necessary detector would
be a regular color CCD camera.

It is worth noting that the stromal surface after femtosecond
UVablation seemed to be less dried out than after excimer abla-
tion. This difference was confirmed by the fact that in eyes
treated with excimer ablation, it was not possible to perform
pachymetry after stromal ablation without moistening the tip
of the sensor. By contrast, this measurement was possible on
eyes ablated with femtosecond pulses, even if pauses were intro-
duced to prolong the procedure time. The difference could be
related to the different wavelengths used. Dair et al. estimated
that the absorption coefficient in BSS for the longer 213 nm

Fig. 7 One month after (a) the nonstop TransPRK with high-speed femtosecond UV pulses (110 μm),
(b) excimer pulses (150 μm), and (c) modified ablation with femtosecond UV pulses (150 μm). The epi-
thelium is thinner in (b) and (c) (red arrowheads, color online). Black arrowheads indicate subepithelial
fibrosis (light microscopy).
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wavelength was significantly less than for the 193 nm.44 We
speculate that while the longer 206 nm wavelength used in
our study was less absorbed by BSS than the 193 nm, the evapo-
ration of the fluids from the surface was decreased. As BSS
strongly absorbs the 193 nm light, ablation depth and residual
surface smoothness is affected by the presence of fluid on the
surface during ablation.44 For that reason, ablation with excimer
pulses is usually performed after eliminating the excessive fluid.
On the other hand, if the process of ablation is long, the cornea
may significantly dry out, and overcorrection could occur.19,44,45

Therefore, the lower influence of high-speed femtosecond UV
ablation on corneal hydration is an advantage, as it lowers the
requirements for the application of surface fluids and allows for
less strict environmental parameters.

It must be noted that femtosecond UV pulses deliver much
higher intensity than excimer pulses of equal fluence, which,
in principle, may lead to undesirable modification of the bio-
logical tissue. Therefore, cytotoxicity and genotoxicity of 206-
nm femtosecond pulses have to be assessed. As for the wave-
length difference, previous studies that compared the unsched-
uled DNA synthesis induced by excimer (193 nm) and solid-
state UV (213 nm) laser irradiation found no significant
differences between the two.46 However, the effect of the
shorter pulse duration of our laser remains a subject of a sep-
arate study.

The achieved speed of ∼1.6 s∕D in a 6-mm optical zone is
comparable to the fastest reported ablation speed in human
corneas. For example, the treatment time of the new WaveLight
Concept System1000 laser (Concept System 1000; WaveLight
GmbH) is ∼1.2 s∕D of myopia within a 6.5 mm optical zone.6

However, this system is not available on the market. The speed
of the WaveLight EX500 excimer laser, which is a part of the
WaveLight Refractive Suite (WaveLight GmbH), is ∼1.4 s∕D.10
With the SchwindAmaris 1050RS system (SchwindAmaris
1050RS, Schwind eye-tech-solutions GmbH & Co. KG), one
diopter is corrected in 1.3 s.11

The size of the spot used in our experiments (∼115 μm)
appears to be excessively small for achieving even the best pos-
sible spatial resolution required for custom ablation.47,48

Reduced spot size, however, may be advantageous because the
small-scale surface irregularities created by such a spot are more
easily smoothed out by reepithelialization.49

In conclusion, our experiments achieved an ablation speed of
∼1.6 s∕myopic diopter in the 6 mm optical zone without signifi-
cant impact on the healing outcomes in rabbits. The feasibility of
TransPRK is an additional advantage of ablation with femtosec-
ond UV pulses. Other advantages include inaudible ablation,
high spatial resolution, better stability, and low maintenance.

Although modern sophisticated nanosecond systems enable
highly precise surface refractive treatments, they are designed
for UV treatment only. A single solid-state laser source for com-
bined UV and NIR applications, including all-femtosecond
LASIK, femtosecond corneal and cataract surgery, would be
a convenient, multipurpose device for anterior segment
surgeons.
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