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Abstract Clinical therapy incorporating femtosecond laser
(FSL) devices is a quickly growing field in modern biomedi-
cal technology due to their precision and ability to generate
therapeutic effects with substantially less laser pulse energy.
FSLs have the potential to produce nonlinear optical effects
such as harmonic generation (HG), especially in tissues with
significant nonlinear susceptibilities such as the cornea. HG in
corneal tissue has been demonstrated in nonlinear harmonic
microscopy using low-power FSLs. Furthermore, the wave-
length ranges of harmonic spectral emissions generated in
corneal tissues are known to be phototoxic above certain in-
tensities. We have investigated how the critical FSL parame-
ters pulse energy, pulse repetition rate, and numerical aperture
influence both second (SHG) and third harmonic generation
(THG) in corneal tissue. Experimental results demonstrated
corresponding increases in HG intensity with increasing rep-
etition rate and numerical aperture. HG duration decreased
with increasing repetition rate and pulse energy. The data also
demonstrated a significant difference in HG between FSL
parameters representing the two most common classes of
FSL therapeutic devices.
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Introduction

Femtosecond laser (FSL) devices are rapidly emerging as un-
matched tools for clinical optical therapeutics with respect to
their precision and ability to generate therapeutic effects with
substantially less energy [1-6]. The large impact that this ad-
vanced technology is having on the medical field is exemplified
by its use in several of the most commonly performed surgical
procedures in the world, specifically, LASIK, cataract surgery,
and corneal transplantation [7—13]. In order to achieve optical
breakdown, the predominant tissue cutting mechanism [14,
15], FSLs must generate very high intensities, which can also
generate nonlinear optical effects (NOEs) such as second and
third harmonic generation (SHG and THG, respectively) [16,
17]. NOEs cause a modification of the optical properties of a
susceptible material due to an intense optical field, often gen-
erated by ultrashort pulsed lasers [18, 19]. Harmonic generation
(HG) is an example of a NOE that could impact therapy effi-
cacy and patient safety by changing the laser parameters re-
sponsible for the therapeutic effect and by generating phototox-
ic UV light and intense visible light. Coincidentally, corneal
tissue, which has seen the largest application of FSL-based
therapies, strongly generates NOEs due to its highly organized
and oriented, dense collagen structure [20-22].

Harmonic generation is a frequency mixing process that
occurs due to interactions between photons and materials with
significant nonlinear susceptibilities. A harmonic frequency
(2w, 3w, etc.) is generated as photon energy flows from the
fundamental frequency, depending on the phase-matching
conditions, to the harmonic field [23, 24]. SHG occurs only
in non-centrosymmetric materials and results in photons with
twice the frequency and energy, and half the wavelength. Sim-
ilarly, THG results in photons with three times the frequency
and energy, and one third the wavelength. However, THG
does not require a lack of inversion symmetry and can occur
in amorphous materials as well [18, 24].
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HG-based nonlinear microscopy has been used to image
the layers [25] and collagen structure [21, 26, 27] of corneal
tissue. Further, Stoller et al. demonstrated experimentally that
SHG signal intensity in corneal collagen is polarization de-
pendent [28] and can be used to determine collagen fibril
orientation. These previous studies regarding corneal tissue
composition were accomplished using harmonic microscopy,
a technique that uses low-power FSLs and photomultiplier
tubes to amplify the relatively weak harmonic signals. Oph-
thalmic surgical procedures utilize FSLs with intensities three
orders of magnitude higher than intensities used for imaging
applications [29]. This enables the quantification of resulting
HG without any amplification. In addition, unlike fluores-
cence, HG is a coherent process, resulting in more intense
light and, therefore, more capable of causing unintended tissue
damage. As nonlinear optical effects such as harmonic gener-
ation are greatly dependent on laser intensity, we believe that
an investigation of the relationships between HG elicited by
clinically important FSL parameters at these energy levels is
warranted. Other nonlinear effects occurring also at signifi-
cantly lower intensities, such as self-focusing and
filamentation, have recently been studied using therapeutic
FSL parameters [16, 17, 30]. SHG and THG have even been
reported during photodisruption in corneal tissue [16, 17, 31],
but no investigation to our knowledge has examined the rela-
tionship between laser parameters and HG characteristics at
these energy levels.

Currently, FSLs can be grouped into two major cate-
gories. Conventional FSLs employ lower pulse repeti-
tion rates (kHz), longer pulse durations (>500 fs), and
higher (uJ) pulse energies. In an attempt to further im-
prove precision and reduce collateral effects, the new
regime of FSLs employs higher repetition rates (MHz),
shorter pulse durations (<500 fs), and lower (nJ) pulse
energies, which allow for more precise and smooth tis-
sue cutting [2, 29]. Since HG is dependent on laser
intensity, which is largely determined by pulse duration,
pulse energy, repetition rate, and numerical aperture
(NA), different classes of FSLs may produce different
amounts of HG in tissues.

Ophthalmic therapeutic FSLs emit near-infrared (NIR)
light near 1.04 pum, producing SHG and THG in the green
and ultraviolet A (UVA) spectral regions, respectively. Light
in both of these regions can potentially cause photochemical
damage in the retina [32—34]. In addition, UVA light increases
the rate of cataract formation in the lens [35-37]. It is therefore
important to minimize SHG and THG produced during FSL-
based ophthalmic procedures. To our knowledge, no studies
have quantified HG during optical breakdown in corneal tis-
sue. In this work, we investigate the effect of the clinically
relevant FSL parameters pulse energy, pulse repetition rate,
and numerical aperture on HG intensity and duration induced
in corneal tissue.
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Materials and methods
HG quantification

To induce HG in corneal tissue and quantify the transmitted light,
the setup illustrated in Fig. 1 was employed. A 1042-nm-wave-
length, 300-fs-pulse-duration FSL (Spectra-Physics) was focused
onto the cornea sample using single plano-convex lenses to avoid
temporal pulse dispersion. Laser exposure and corneal sample
position were controlled using an automated shutter and three-
axis micro-positioning stage. Transmitted SHG and THG were
separated from the fundamental wavelength using a dichroic
long-pass filter (Edmund Optics) and collected using a fiber cou-
pling lens (Thorlabs) and 600-um-core-diameter fiber (Ocean
Optics) attached to a spectrometer (Ocean Optics). A short-pass
edge filter (Semrock) was used to remove any remaining back-
ground at the fundamental wavelength prior to fiber coupling.

Tissue preparation

Freshly enucleated bovine globes were obtained from a local
slaughterhouse and stored on ice. Immediately prior to testing,
a 10-mm trephine was used to remove the central cornea. The
corneal button was placed on a glass slide and positioned in
front of the laser. Several drops of balanced salt solution were
added to the slide to prevent corneal drying. For testing FSL
repetition rate and pulse energy, specific combinations of laser
parameters were randomly assigned to positions on a 1-mm
spaced grid to ensure no locations were overlapped and to
avoid effects of regionally specific tissue parameters, if pres-
ent. Using 5 corneas, each combination of parameters was
tested 20 times, 4 per cornea. For the effect of changing NA,
each NA was tested at 13 locations on each of 2 corneas.
Measurements were completed within 15 min of trephination
of each cornea.

CPU

Fig. 1 Diagram of experimental setup used to produce and quantify
second and third harmonic generation in corneal tissue (T) using a
computer-controlled (CPU) femtosecond laser (FSL), shutter (S),
translation stage (xyz), and spectrometer (Spec). M mirror; L1, L2 lens;
D dichroic beam splitter; SP short-pass filter; F fiber
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Experimental protocol

SHG and THG intensity and duration were measured for ev-
ery combination of three FSL repetition rates (100 kHz,
500 kHz, and 1 MHz) and three pulse energies (0.38, 0.94,
and 1.89 wJ). The FSL pulse energies are determined using the
average power values measured after the focusing lens. In
addition, SHG and THG intensities were measured for three
different NAs (0.148, 0.169, and 0.233) by changing the fo-
cusing lens, while maintaining the pulse energy and repetition
rate constant at 1.89 uJ and 100 kHz, respectively. A custom
LabVIEW program automated the sample positioning, laser
exposure (900 ms), and spectrophotometric measurements.
High-speed spectrometer acquisition was started immediately
prior to each laser exposure and ended after shutter closure.
For this study, HG optical intensity is defined in arbitrary units
as the highest achieved intensity during the laser exposure,
and duration is defined as the time spent above a threshold
set slightly above the noise level.

Data preparation

Data for each laser parameter combination or NA were aver-
aged over all cornea samples and compared with each other
using a Student’s ¢ test assuming unequal variance to deter-
mine statistical significance. Differences were considered sig-
nificant for p values <0.05. Ninety-five percent confidence
intervals were calculated for each group with values stated
as mean+95 % confidence bound.

Results
Repetition rate and pulse energy
In general, SHG was considerably more intense than THG.

Figure 2 illustrates typical experimentally recorded SHG and
THG signals which are plotted as intensity distribution as a
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function of time (Fig. 2a), as well as 3D (Fig. 2b) and 2D
(Fig. 2¢) signal distributions.

Mean SHG and THG intensities, grouped by pulse energy,
are summarized in Fig. 3. For all pulse energies, SHG and
THG intensities increased with repetition rate. Exposures
using 1-MHz repetition rates produced some of the highest
HG intensities. The 100-kHz repetition rates produced the
largest variability.

Mean SHG and THG durations are summarized in Fig. 4.
As the temporal resolution of the spectrometer was about
10 ms, HG intensity produced by the FSL pulse train is inte-
grated over multiple pulses and appears as a continuous plot,
despite the individual HG pulses having durations similar to
the FSL pulses. As opposed to HG intensity, for each pulse
energy, SHG duration decreased with increasing repetition
rate. In the case of THG, duration for 100 kHz was substan-
tially longer than 500 kHz and 1 MHz in the 0.38- and
0.94-pJ-pulse-energy groups. THG duration in the 1.89-pJ-
pulse-energy group increased with increasing repetition rate.
THG duration was shorter than SHG duration. In general, 1-
MHz repetition rates generated the highest HG intensities but
the shortest durations while 100-kHz repetition rates generat-
ed the lowest HG intensities and longest durations.

Numerical aperture

The resulting SHG and THG intensity for the three NAs tested
is summarized in Fig. 5. There was a corresponding increase
in SHG and THG intensity with increasing NA; however,
increases in THG intensity were small in comparison with
SHG.

Discussion

Repetition rate, pulse energy, and NA are important FSL pa-
rameters for achieving the desired tissue cutting therapeutic
effect in many ophthalmic procedures employing FSLs. This

S0 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
Focal Position (pm)

Fig. 2 Typical experimentally recorded SHG and THG signals generated by FSL in corneal tissues, which are presented as a intensity vs. time, b 3D,

and ¢ 2D signal plots, respectively
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Fig. 3 a SHG and b THG intensity as a function of femtosecond laser pulse energy and repetition rate; *p<0.05, **p<0.01

study aims to evaluate the dependence of harmonic generation
in corneal tissue on these key laser parameters that are similar
to those used in current therapeutic applications. The results of
this initial study do not include the exact replication of specific
ophthalmic surgical procedures, which may involve some spe-
cial scanning of the laser focus. Although not directly ob-
served, the concurrence of photodisruption, the therapeutic
effect, is predicted since the minimal intensity generated by
the FSL parameters was approximately 8 x 10'* W/cm?, which
is twice the threshold for optical breakdown [15]. This was
confirmed experimentally by the presence of a microscopic
bubble at each focal location on the cornea.

SHG occurs in non-centrosymmetric materials, such as the
stromal collagen, while THG is strongest at interfaces between
materials where there is a change in the nonlinear refractive
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index, such as the Bowman’s Layer-Stromal boundary [25,
38, 39]. This principle was used in this study to center the
FSL focus in the stroma. This also explains why observed
SHG intensities were higher than observed THG intensities
(see Figs. 2 and 3). Further, since SHG and THG are second-
and third-order nonlinear processes whose intensities vary
with the square and cubic intensity of the incident laser [23],
a weaker THG intensity would be expected even if all other
factors were equal. The increase in HG intensity observed
with increasing laser pulse repetition rate at a given pulse
energy can be attributed to a higher number of FSL pulses,
and therefore HG pulses, within the spectrometer’s integration
period.

HG duration decreased with increasing repetition rate for
most pulse energies (see Fig. 4). Shortening the period
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Fig. 4 a SHG and b THG duration as a function of femtosecond laser pulse energy and repetition rate; *p<0.05, **p<0.01
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Fig. 5 SHG and THG intensity as a function of numerical aperture;
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between pulses causes an increased rate of tissue destruction
which shortens HG duration. Additionally, as the tissue is
destroyed, more plasma absorption and scattering of
HG away from the collecting fiber occur, which further
reduces HG duration. A similar explanation can be
made for the decrease in HG duration observed with
increasing pulse energy. Higher pulse energy results in
larger plasmas with higher free electron densities that
destroy more tissue per pulse [15]. In clinical therapies,
FSLs are rapidly scanned to produce a tissue cutting
effect. This motion limits the laser exposure at any sin-
gle location to periods much shorter than both the ex-
posure time used and the HG durations observed in this
experiment. However, since the highest HG intensity is
generated instantaneously, rapid scanning of the laser
constantly exposes fresh tissue which creates HG with
constant peak intensity values.

Changing the NA leads to changes in beam waist at
the laser focus as well as changes in the Rayleigh
length related to the beam depth of focus. Normally,
these changes would tend to have opposite effects on
HG. For example, decreasing the beam waist results in
a higher intensity and correspondingly higher HG inten-
sity, but decreasing the Rayleigh length decreases the
volume of tissue interacting with an intense optical field
resulting in a decrease in HG intensity. Experimentally,
a significant increase in HG intensity was observed by
increasing NA (see Fig. 5). Previous studies using har-
monic microscopy to image the cornea have shown [25]
that SHG signal intensity oscillates with tissue depth,
with intensity peaks separated by approximately
100 pm. This effect may well be related to a varying
degree of phase matching. The change in Rayleigh

length associated with the tested NAs is approximately
35 wm. We suggest that since the laser focus is posi-
tioned in the stromal region by optimizing the SHG
signal, extending the Rayleigh length 35 pm into low-
efficiency SHG stromal regions will have a small effect
on the overall SHG production. Therefore, changes in
the beam waist will affect HG intensity more than
changes in Rayleigh length.

Although some significant increases in THG were ob-
served with increasing NA, they were minor in comparison
to SHG. We believe that changes in optical field intensity in an
already weak field, where most efficient THG occurs at the
stromal interfaces, result in very small changes in THG
intensity.

A large amount of variability was seen in HG which is
likely a result of varying collagen orientations at different
locations and depths within and across corneas [39, 40]. As
we have previously shown, the orientation of collagen with
respect to the laser polarization has a significant effect on HG
efficiency. As previously noted, this is likely a result of differ-
ent degrees of phase matching. Despite this variability, there
were many significant differences in HG intensity and dura-
tion at all repetition rates. Many of the strongest differences
occurred when comparing 1-MHz with 100-kHz repetition
rates for intensity and duration measurements. The experi-
mental groups that most closely represent current commercial
therapeutic devices are (100 kHz, 0.94 uJ), (100 kHz,
1.89 W), and (1 MHgz, 0.38 wJ) [29]. In this comparison, the
1-MHz repetition rate produced SHG intensities one and two
orders of magnitude higher than the 100-kHz repetition rate at
0.94 and 1.89 pJ, respectively. The same comparison with
respect to THG reveals no significant difference between
(1 MHz, 0.94 wJ) and (100 kHz, 0.94 1J) and a significantly
higher 1-MHz THG intensity compared with (100 kHz,
1.89 wJ). Differences in SHG and THG duration were mostly
not significant.

Laser parameters representing the newest generation
of therapeutic FSLs may produce more intense SHG and
THG than conventionally used FSLs. Since therapeutic
FSLs allow the operator to adjust some of the laser
parameters to customize the surgical procedure, and as
both frequencies of light generated during SHG and
THG have the potential to produce damaging effects
to ocular tissues, future studies that determine HG irra-
diance at the crystalline lens and retina are warranted to
determine if a safety concern exists.
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