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ABSTRACT

Preclinical safety requirements and test meth-
ods have been standardized over time to guide
medical device developers in the path needed to
manufacture safe devices and achieve regula-
tory approval. Today, femtosecond lasers are
commonly used in cataract and refractive surg-
eries. Currently, an industry standard to guide
developers in preclinical testing of ophthalmic
lasers does not exist. Consequently, the data
presented in regulatory submissions may vary
between manufacturers, making the regulatory
review process more ambiguous. Here, the
authors present a comprehensive discussion of
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preclinical test methods applied to the evalua-
tion of an ophthalmic laser. We include in vitro
and ex vivo models, as well as an in vivo rabbit
model subject to corneal refractive treatments,
for consideration in a preclinical safety evalua-
tion plan. Scientific rationale to support the
ocular endpoints of evaluation in the rabbit
model to demonstrate safety is also presented
and discussed.
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Key Summary Points

Why carry out this study?

Femtosecond lasers are commonly used in
cataract and refractive surgeries.
Preclinical animal studies are performed
prior to use in human patients to
understand the effect of laser procedures
on the cornea, internal eye structures, and
ocular function

Standardized preclinical test methods to
guide manufacturers in the assessment of
safety and performance of ophthalmic
lasers do not exist. Consequently, the data
presented in regulatory submissions may
vary between manufacturers making the
regulatory review process more
ambiguous

Preclinical test methods are needed to
show safety and effectiveness of refractive
laser treatments on ocular tissue prior to
human clinical trials

What was learned from the study?

Various in vitro, ex vivo, and in vivo
models were shown to be effective in
evaluation of safety and effectiveness of
the refractive laser treatments on ocular
tissue

An in vivo rabbit model subject to corneal
refractive treatments was shown to be a
useful tool for the evaluation of the laser
energy on ocular tissue and ocular
function

INTRODUCTION

Refractive lasers, including the femtosecond
laser, have become a standard tool in the field of
ophthalmology, replacing surgical procedures
traditionally performed manually, with faster
and more precise treatments that have widely
improved patient outcomes. The versatility and

unique properties of lasers have allowed for
multiple applications in ophthalmology
including the correction of corneal refractive
errors [1, 2], non-invasive treatment of glau-
coma and retinal conditions [3, 4], and, most
recently, improvements of several steps in cat-
aract surgery [5-8].

Prior to femtosecond (FS) laser introduction
into the corneal refractive treatment arena,
excimer lasers were utilized in a technique
called photo-refractive keratectomy (PRK),
which involved removing a large area of
epithelium (approximately 9 mm) manually
with a spatula or brush or a pretreatment with
the laser to expose the lamellar bed subse-
quently photoablated to the desired refractive
outcome [9]. The next evolution was use of a
microkeratome, a bladed micro-plane, to slice a
flap of tissue to expose the lamella for pho-
toablation and then replacement of the flap
over the treated bed. This reduced the healing
time and improved visual acuity more rapidly
[2]. The popularity of corneal refractive surgery,
the process of changing the curvature of the
cornea to improve visual acuity, was heightened
with the development of laser-assisted in situ
keratomileusis, commonly referred to as LASIK.

The LASIK procedure was significantly
changed with the commercial introduction of
Intralase® FS Laser (Johnson & Johnson Surgical
Vision) for corneal resection surgery in 2001
[10, 11]. In this bladeless method, the FS laser
creates a corneal flap, replacing the keratome
and eliminating most of the mechanical flap-
related complications [2, 12, 13]. The success of
IntralLase® inspired subsequent developments
of new concepts and applications of FS laser
technology, which has spurred the entry of
newer FS laser models into the market [3]. One
such model can perform the latest development
in refractive laser surgery called SMILE (Small-
incision lenticule extraction), a bladeless, all FS
laser technique that utilizes the laser in the
creation of an intrastromal lenticule and
removal through a side cut in the cornea that
corresponds to the desired refractive correction
[1]. The FS laser mimics the cutting action of
blade-based keratomes by scanning tightly
focused patterns of laser pulses in the cornea,
which results in a continuous cut in the cornea.
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While refractive laser innovation continues
to progress, the standardization of preclinical
testing methods to demonstrate safety prior to
clinical applications is lacking. Without existing
regulations for preclinical requirements, manu-
facturers are challenged to create their own
(unique) preclinical test plans, thus potentially
providing more obstacles in the regulatory
review process.

Inability to better assess and predict product
safety leads to failures during clinical develop-
ment. In the development of a new FS laser,
preclinical animal studies are necessary to
understand the effect of laser procedures on the
cornea and internal eye structures and to assess
the laser for safety and performance require-
ments prior to use in human patients [14].
International standards and FDA Regulatory
Guidance Documents are key resources that
guide the medical device industry in the meth-
ods of safety and biocompatibility testing,
which typically involve demonstration through
a combination of bench and performance test-
ing using in vitro, ex vivo, and in vivo models
[14]. Since the early 1990s, this biological eval-
uation has been guided by the International
Standard (ISO) 10993-1 Biological evaluation of
medical devices—Part 1: Evaluation and testing
within a risk management process that describes
the assessment of medical devices based on risk
mitigation, patient contact, and duration of
patient contact [15]. The ISO 10993 series serves
as a general framework for the development of a
biological safety evaluation plan which defines
how to demonstrate biocompatibility of a
medical device. Furthermore, the US FDA has
published a guidance document to provide
clarification on the interpretation of ISO
10993-1 entitled Use of International Standard
ISO 10993-1, Biological evaluation of medical
devices—Part 1: Evaluation and testing within a
risk management process [16]. This document
includes updated information regarding the use
of a risk-based approach to determine if animal
testing is needed and chemical assessment rec-
ommendations [16]. Vertical standards, or
standards that are tailored to a specific medical
device based on its use and unique characteris-
tics, have also been published including several
for ophthalmic devices, such as ISO 9394:2012

for contact lenses and contact lens care prod-
ucts, ISO 11979-5:2020 for intraocular lenses,
and ISO 15798:2010 for viscosurgical devices
[17-19].

Biocompatibility and physiochemical test
evaluations are required on the Patient Interface
(PI), a patient contacting accessory of the laser.
The ISO 10993 standards guide this evaluation;
however, a vertical standard or regulatory
guidance specific for preclinical testing of oph-
thalmic laser effects to collateral tissues does
not exist. Although an ophthalmic laser emits
amplified light energy that impacts corneal tis-
sue, this type of patient contact is not defined as
either direct or indirect contact per ISO
10993-1; therefore, this general biocompatibil-
ity standard does not apply to ophthalmic
lasers. Preclinical scientists are challenged to
design testing plans using available medical
device development guidance that can be
applied to ophthalmic laser safety testing. As
there is no specific regulatory industry guidance
for ophthalmic lasers, preclinical test methods
may vary between manufacturers. Here, we
present a discussion of preclinical safety evalu-
ation test methods and regulatory guidance that
may be considered for the safety assessment of a
new FS laser used for performing corneal
lamellar resections in refractive surgery.

PATIENT CONTACTING DEVICE

Precise delivery of the laser pulses into the eye
requires an optomechanical interface that keeps
the eye stable during the laser procedure [20]. A
sterile single-use PI that directly contacts the
anterior surface of the eye serves this function
during refractive laser procedures. Typically, a
new or modified patient-contacting device is
subjected to several biocompatibility and
physicochemical tests to ensure safety of the
device prior to human clinical trials. The bio-
logical and physiochemical endpoints for con-
sideration are largely determined based on the
type and duration of patient contact. For the
physiochemical evaluation, the PI is tested for
aqueous leachables following the time/temper-
ature recommendations of ISO 10993 and ISO
11979-5:2020 (Ophthalmic Implants-
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Intraocular Lenses-Part 5 Biocompatibility) [19].
The extractions are performed in water at
35+ 2°C for 72+ 1h and are assayed for
leachables using ultraviolet-visible-near infra-
red spectroscopy and combined gas chro-
matography—mass spectrometry.

Per ISO 10993-1:2018, Table A.1, the FS laser
PI is categorized as a surface medical device
contacting mucosal membrane for a limited
duration [15]. Based on this contact, the end-
points to be addressed in the biological evalua-
tion include cytotoxicity, sensitization, and
ocular irritation. Cytotoxicity testing can be
performed using the MEM Elution method
guided by 10993-5:2009 with test article
extraction in minimum essential medium [21].
A sensitization study (Kligman Guinea Pig
Maximization following ISO 10993-10:2010)
and a Primary Ocular Irritation study (ISO
10993-10:2010) on the PI extract are also con-
ducted [22].

Following the successful completion of a
physicochemical and biology evaluation,
including understanding the current literature
and history of use in medical devices, the PI is
considered biocompatible by the test methods
used.

BENCH AND EX VIVO PRECLINICAL
MODELS

Prior to human clinical trials, the effects of FS
laser refractive treatment on corneal tissue as
well as internal eye structures, such as the
anterior chamber (AC), iris, lens, and retina,
need thorough evaluation. A step-wise
approach to this testing is presented in the fol-
lowing narrative that utilizes ex-vivo platforms
in early development and progresses to in-vivo
animal models in the later stages. All institu-
tional and national guidelines for the care and
use of laboratory animals were followed.

In early phases of development, FS laser
refractive treatments are tested using glass, gel,
and/or ex vivo tissue since these methods are
the most efficient in terms of study execution
time, resource availability, and cost. To verify
laser pulse trajectories and segment placement,
the laser patterns are initially cut into glass and

then repeated in 10% agarose gel. The pliancy of
the gel material allows for the manipulation
and separation of the layers, mimicking the
cornea, as a precursor to testing in ex vivo ani-
mal tissue. Ex vivo eye models such as porcine
or rabbit eyes are commonly used as these
models are similar in morphology to the human
eye [23] and are readily available in comparison
to human cadaver tissue. The porcine corneal
surface area is larger than those of both the
human and rabbit, allowing for greater experi-
mental treatment area when evaluating corneal
flap parameters [24]. Ex vivo sheep eyes are
another commonly used model as the corneal
thickness of sheep (approximately 620 pm)
closely resembles human cornea (mean value of
550 um) [25]. Finally, the laser patterns are
evaluated in human cadaver eyes to demon-
strate the effectiveness of the laser energy on
the ocular tissues and repeatability of tissue
manipulation and to establish pattern fidelity.
Throughout ex vivo testing, the laser settings
(pulse energy and location) are adjusted until
optimal lamellar cuts are achieved (flap or len-
ticule) with minimal or no impact to sur-
rounding eye tissue. These settings are later
tested and confirmed during in vivo evaluation.

IN VIVO MODEL

Animal models play important roles in oph-
thalmic research and the emerging technologies
in cataract and refractive surgery [26]. Rabbit
models are preferred largely because of the
animal’s docile nature and cost-effectiveness
and the availability of a large normative data-
base [27]. The popularity of the rabbit model
also stems from its wide acceptance by regula-
tory bodies such as United States Food and Drug
Administration (US FDA), American National
Standards Institute (ANSI), and the Interna-
tional Standards Organization (ISO), who have
published multiple standards and guidelines
outlining test methods in rabbits as previously
mentioned. Ophthalmic research is most fre-
quently conducted in the New Zealand (NZ)
species of rabbit. NZ White, NZ Red, or NZ Black
rabbit models are used since their eye size and
anatomy are similar to those of humans. NZ
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White rabbits lacking iris/retinal pigmentation
are used for assessing laser energy on ocular
tissues because of easy visibility of internal
ocular structures [27]. Further verification of the
laser treatments is tested in NZ black/red rabbits
as these breeds contain pigmentation in the eye
structures, similar to humans, which can absorb
the laser pulse differently as it passes through
the ocular tissues.

In vivo studies of the laser patterns are
completed in NZ rabbits to demonstrate pattern
fidelity and effectiveness as well as assess the
postoperative healing response. Rabbits at
approximately 4 months old are ideal as the AC
at this age closely resembles the average AC size
in adult humans (internal research data). As a
side note, the rabbit corneal epithelium is
thinner than that of human (approximately
30-40 pm thick [27]) and provides a “worst
case” scenario for performance testing of the
various laser treatments. Additionally, young
rabbits up to 18 months of age can regenerate
the corneal endothelium (via mitosis) as early as
36 h post injury [28]. For this reason, examina-
tion of the corneal endothelium post laser
treatment for any signs of injury or cell loss
would need to be completed at time points
within this time frame.

IN VIVO STUDIES

The focus of in vivo studies is to demonstrate
laser refractive treatment effectiveness, ocular
tissue effects, and the postoperative healing
response. There are currently no international
standards that define preclinical regulatory
expectations for FS laser applications and the
effect on collateral tissues by the laser pulses. As
such, scientists are challenged to create a bio-
logical evaluation plan to demonstrate safety
and effectiveness of the laser treatments pre-
dictive of use in humans. The authors rely on
the standard that governs nonclinical testing of
intraocular lenses (ISO 11979-5) [19] as guid-
ance. The safety testing endpoints for both
intraocular lenses and refractive lasers focus on
possible effects to internal ocular structures and
functions [i.e., intraocular pressure (IOP) and
corneal metabolism].

Early development studies are initially con-
ducted in nonclinical feasibility studies to
evaluate safety and performance in a small
number of animals. Feasibility studies are typi-
cally shorter in duration, require less resources
and may involve fewer evaluation parameters
than those included in larger studies. Modifi-
cations to the laser parameter settings can be
made as needed until a final version is produced
for testing in a larger pivotal study following
Good Laboratory Practices (GLP) for inclusion
in a regulatory submission.

Refractive FS laser treatment platforms are
currently focused on two modalities: the cre-
ation of a corneal flap (a step in the LASIK
procedure) and a method for corneal reshaping.
In corneal reshaping, a small, lens-shaped piece
of tissue (lenticule) is created within the cornea
that corresponds to the desired refractive cor-
rection, which is subsequently extracted
through a small laser-created corneal side-cut
incision.

Study objectives focus on evaluating the
effectiveness of the laser treatments in produc-
ing the intended corneal reshaping (flap or
lenticule) and the safety of the laser energy on
internal ocular structures and ocular function.
The treated tissue is evaluated for ease of
manipulation (lenticule removal or flap lift) and
healing response. All laser treatments applied to
the eye have a “power range for use” specified
by the manufacturer, for example, 40-150 nJ.
Manufacturers are required to test the complete
laser power range in consideration of user error.
Maximum laser exposure is a combination of
maximum laser power focused through the tis-
sues and laser-on/firing treatment time. Rabbits
undergo laser treatments to establish data for
the range of use at both standards, to mimic
real-world refractive surgical treatments and
maximum laser exposure and to mimic worst
case laser application.

PRESTUDY EVALUATIONS

Baseline ocular status for each rabbit is deter-
mined for eye structures including the lids,
conjunctiva, sclera, cornea, iris, lens, anterior
and posterior chamber, and retina. Current
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standard-of-care modalities that are designed to
assess ocular structures are used, including slit-
lamp biomicroscopy, corneal and retinal optical
coherence tomography (OCT), specular micro-
scopy (corneal endothelial cell count and den-
sity), retinal fluorescein angiography (FA), and
tonometry (IOP).

A slit-lamp examination is used to assess
external eye structures such as the eye lids,
conjunctiva, sclera, and cornea for abnormali-
ties including conjunctival hyperemia (redness)
and swelling and corneal opacities. Internal eye
structures are additionally examined with the
slit-lamp including the iris for redness and
pupillary response, the AC for cells and flare,
and the lens for lens opacities (cataract). The
corneal endothelium is examined using a spec-
ular microscope, which produces a detailed
image of the corneal endothelium and an
endothelial cell count. Retinal OCT is used to
examine the retina for abnormalities, and cozr-
neal OCT is used to assess corneal health and
measure corneal thickness. Retinal FA evaluates
the retinal vessels for vascular leakage and a
tonometer is employed to measure IOP prior to
the laser surgery.

SURGICAL AND POSTOPERATIVE
EVALUATIONS

Observations conducted during the surgical
procedure and postoperatively focus on exam-
ining and evaluating external and internal
ocular structures and functions for potential
adverse effects of the laser pulse treatments to
collateral tissue, the effectiveness of the laser
pulses to create the intended corneal reshaping,
and monitoring the healing process. The post-
operative monitoring phase typically takes
place over a 30-day period, which closely
approximates normal human healing status.

Delivery of the Laser Pattern and Tissue
Separation

Eyes are examined using OCT imaging of the
cornea to show that the laser pattern was
delivered to the pre-programed trajectory

location for each pattern segment confirming
uniformity of depth and symmetry of place-
ment (Fig. 1). Corneal topography imaging is
another useful tool that can detail corneal cur-
vature changes post surgery. In vivo corneal
topography imaging was previously studied by
the authors in the rabbit model using a Penta-
cam HR Scheimpflug camera to better under-
stand corneal biometric measurements (Gray
et al. Invest Ophthalmol Vis Sci. 2010;51:ARVO
E-Abstract 4200). Effectiveness of the laser
treatment is further evaluated through the
manipulation of lenticle or flap (either the len-
ticule is extracted or the corneal flap is lifted) to
evaluate ease of tissue separation (flap) and for
ease of lenticule removal. A successful treat-
ment occurs when the tissue manipulation does
not disturb any collateral tissues. Tissue sepa-
ration (cleavage) performed by the laser is a key
factor for healing; if not cleaved well, tearing of
tissues may occur leading to an extended heal-
ing process. It is critical to assess the complete-
ness of tissue separation, as incomplete
separation and tearing may impact stromal tis-
sue causing higher order aberrations and visual
degradation. This assessment may be accom-
plished by evaluation of adhesion levels and
ease of separation during the surgical procedure
and then adjusting laser settings as needed.
Measurement of wavefront aberrations is
another method that may be used to assess the
cornea post surgery that has been previously
performed in the rabbit model in vivo by the
authors using a Wavescan Wavefront System
[26].

Fig. 1 OCT image of cornea immediately post laser
treatment with lenticule removed. Green arrow indicates
post laser lamellar bubbles. The image allows assessment of
collateral tissue effects of the laser pulse as well as laser
pulse depth and location
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Effects of the Laser Energy and Patient
Interface on Anterior and Posterior Ocular
Structures

Delivery of laser energy into the eye for surgical
procedures requires a PI. The PI allows efficient
delivery of the laser beam into the transparent
ocular tissues and maintains mechanical stabil-
ity of the eye during laser application [20].
Common PI designs include:

e Flat corneal applanation (CA): a flat trans-
parent window pressed against the cornea
using a suction ring placed on the limbus/
sclera to fix the eye in place.

e Curved contact lens interface (CCI): approx-
imates the natural radius of curvature of the
anterior cornea reducing globe deformation
when applanating the cornea using a suction
ring to affix the eye.

e Liquid optical immersion interface (LOI):
uses a layer of transparent fluid placed
between the cornea and an optical window
[20] with a suction ring to affix the eye.

During laser refractive surgery, the PI device
directly contacts the lids, cornea, and conjunc-
tiva. Slit-lamp biomicroscopy is used to exam-
ine these ocular structures for any changes from
contact with the PI or changes from the laser
treatment (Fig. 2). The AC is examined for cells,
a sign of inflammation, the iris for pigment
change, pupillary response anomalies or chan-
ges to the blood vessels, and the lens for color,
capsular disturbance, and cortical changes.

Fig. 2 Rabbit eye slit-lamp images following LASIK
procedure. Left, decentered nasal placement of LASIK flap,
red arrows note the edge of the flap. Anterior eye
structures and flap placement are examined with the slit-
lamp biomicroscope. Right, slit-lamp beam illuminating
the corneal epithelial layer

As previously stated, the PI works to stabilize
the eye during the flap/lenticule cutting proce-
dure through the application of suction, which
is known to cause a temporary increase in
intraocular pressure (IOP) experienced during
the surgical procedure. Complications of
refractive surgery, including damage to retinal
tissue, relating to the fluctuating increases in
IOP have been reported [29]. In vivo real-time
IOP variations seen during LASIK flap creation
have been studied in rabbits [30] by cannulation
of the anterior chamber and direct IOP mea-
surement during suction. Similar investigations
have been performed by the authors using
ex vivo porcine eyes. Histopathological evalua-
tion of posterior eye structures, such as the
retina and optic nerve, of animals subject to
refractive surgery can further explore possible
effects of this inevitable spike in IOP resulting
from the application of suction.

Effects of the Laser Energy on the Corneal
Endothelium

The corneal endothelium is the closest layer
effected after the laser pulse focus point. The
endothelium aids in maintaining corneal
transparency by functioning as both a barrier to
fluid movement into the cornea and an active
pump that moves ions, and draws water
osmotically, from the stroma into the aqueous
humor [31]. A specular microscope is used to
visualize the corneal endothelium and deter-
mine endothelial cell density (Fig.3). Assess-
ment of the endothelium at intervals post
surgery can aid in determining whether there is
damage to the endothelium. It is important to
assess the endothelium not more than 36 h post
surgery as younger rabbits (< 18 months) have
been shown to regenerate the corneal
endothelium post injury [28], and therefore any
cell loss due to the refractive treatment may not
be identified.

Careful imaging using confocal microscopy
shows endothelial layer cell counts and density.
The images below illustrate a normal corneal
endothelium and an image rendering of a nor-
mal corneal endothelium to show how an
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Fig. 3 Heidelberg retinal tomography (HRT) of NZW
rabbit corneal endothelium. Assessment of the corneal
endothelium is important as this vital structure cannot
regenerate if damaged by laser procedures. Normal cell
count and density (A). Normal corneal endothelium image

abnormal endothelium with induced alter-
ations may appear.

Effects of the Laser Energy on the Iris

The iris plays a key role in the regulation of light
reaching the retina by way of the pupillary light
reflex. This involuntary adjustment of the pupil
size facilitates clear vision in varying light
intensities and contributes to the ability to
switch focus from near to far objects. Effects of
the laser treatments on the iris are evaluated
with the aid of the slit-lamp biomicroscope for
signs of iris vessel congestion or redness, swel-
ling, and any abnormalities of the iris tissue.
The pupillary reflex is evaluated using the slit-
lamp diffuse illumination setting for the natural
dilation and constriction response.

Effects of the Laser Energy on the Retina

Retinal complications after refractive surgery
include retinal tears, detachments, and hemor-
rhages [32]. Effects of laser treatments on the
retina can be evaluated for structure and func-
tional changes using fundoscopy, Heidelberg
retina tomography (HRT), and optical coher-
ence tomography (OCT). For minor vascular
injury or leaking, retinal fluorescence

rendered to illustrate the appearance of induced corneal
endothelium cell loss and density changes (indicated by red
arrows) (B)

angiography is commonly used. Figure 4 shows
normal retinal structure on OCT.

Effects of the Laser Energy on Ocular
Function

Laser surgery has an effect on central corneal
thickness, the corneal curvature, and corneal
biomechanics change, which may affect
intraocular pressure (IOP) measurements [33].
To assess these possible effects, IOP and corneal
thickness (central, superior, and inferior loca-
tions) are measured immediately post surgery
and at periodic intervals throughout the study
period for expected changes and recovery after

Fig. 4 HRT OCT scan of retina, 30 days post surgery.
Standard laser exposure with lenticule removed from the
cornea; cross-section of retinal layers shows normal tissue
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Fig. 5 Histopathological section sampling of globes for high resolution imaging describing sections of interest

Fig. 6 Examples of histology slides. A Stitched image showing appearance of laser incision lines (blue arrow, anterior
segment; red arrow, posterior segment of the lenticule). B, C Lenticule laser incisions appear as thin purple/black lines
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laser treatment. Experience with the rabbit
model has shown an immediate postoperative
increase in IOP measurements thought to be a
result of the PI contact with the smaller rabbit
eye. During refractive surgery, the PI is designed
to fit the larger human eye, rather than the
smaller rabbit eye; a higher portion of the rabbit
globe is pulled up into the PI suction ring
thereby applanating increased corneal surface
area. This deforms the AC and blocks the tra-
becular meshwork (TM) causing an increase in
IOP. However, experience with this model has
shown that most rabbit IOPs return to normal
within a 24-h period. Corneal thickness typi-
cally increases immediately post treatment
because of tissue edema from manipulation of
the flap or lenticule extraction.

HISTOPATHOLGICAL EVALUATIONS

At the end of the study, rabbits are humanely
killed for subsequent necropsy. The globes and
extraocular tissues and glands are harvested and
prepared by standard histopathological pro-
cessing techniques including hematoxylin and
eosin (H&E) staining (Figs.5 and 6). Tissue
slides are microscopically evaluated by a board-
certified ophthalmic veterinary pathologist for
any abnormalities from laser treatments focus-
ing on the laser patterns within the targeted
layers of the cornea as well as for possible col-
lateral tissue damage to vital ocular structures
including the lens, iris, retina, sclera, choroid,
and optic nerve. At this microscopic level, the
details of the laser patterns produced at the
tested energy levels (standard vs. maximum)
can be evaluated and compared to the pre-pro-
grammed laser specifications. These pattern
details may include shape, depth, thickness,
and line trajectories.

CONCLUSION

The path to market is long, costly, and ineffi-
cient due in large part to current reliance on
cumbersome assessment methods. A new pro-
duct development toolkit is urgently needed to
improve predictability and efficiency along with

a critical path from laboratory concept to com-
mercial product. Laser standards regarding the
safety of laser systems do exist, providing
requirements and recommendations for safe use
with which the personnel who operate, main-
tain, and service lasers must be familiar. How-
ever, current guidelines fail to provide
specialized standards in the pre-clinical testing
of FS lasers for developers.

This article discusses the preclinical safety
evaluation test methods and regulatory guid-
ance considered for the safety assessment of a
new FS laser used for performing corneal
lamellar resections in refractive surgery. With-
out proper controls in place and no existing
regulations for preclinical testing of ophthalmic
lasers to show safety prior to human use, most
manufacturers have formulated their own test-
ing techniques. Here, we have presented various
studies and endpoints to consider for pre-clini-
cal evaluation of ophthalmic lasers. We have
shown that the lasers may have adverse effects
on ocular tissue that require assessment during
development. While each endpoint may not be
appropriate for every laser, the overall aim is to
demonstrate a potential evaluation plan in the
preclinical testing of FS lasers in the absence of a
standardized approach.

Bench testing and ex vivo studies first guide
laser pattern assessment for trajectory and
placement. Ex vivo eye models with animal and
cadaver eyes are invaluable in demonstrating
the effectiveness of laser energy and repeata-
bility of tissue manipulation. In vivo studies
utilizing rabbit models reveal the laser treat-
ment effectiveness as well as the effects on the
ocular tissue, including postoperative response.
The in vivo studies we prescribe include exam-
ining the cornea to demonstrate the laser pat-
tern was delivered and the expected tissue
manipulation occurred. Effects of the laser
energy on the anterior ocular structures, corneal
endothelium, iris, and retina are critical to
identify unintended damage or adverse events.
Finally, by measuring IOP and corneal thick-
ness, ocular function following laser energy
treatment can be determined. Through this
evaluation of patient contacting components,
bench and ex vivo testing, followed by
exhaustive in vivo surgical studies, a complete
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pre-clinical assessment of the ophthalmic laser
can be achieved.
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