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One of the most impressive tools in medicine, science, and 
technology today is the laser (light amplifi cation by stimulated 
emission of radiation). Since the fi rst laser system was built in 
1960, applications of this technology have expanded rapidly. For 
example, the laser became a widely used tool in the fi eld of sur-
gery by the mid-1980s (26). With the increasing use of lasers and 
laser systems, it is necessary to assess the health effects and 
hazards of nonionizing laser radiation. The American National 
Safety Institute (ANSI) currently sets laser safety standards 
in the United States. Because of the nature and technological 
advancements of nonionizing radiation laser systems (adjust-
able wavelengths, frequencies, etc.), one exposure standard for 
all laser systems may not ensure adequate protection. Generally, 
safety standards are based upon empirical data collected from 
sources such as medical reports and experimental investigations. 
In some cases, safety standards have been extrapolated from 
other studies (e.g., infrared data).

Each wavelength of laser radiation is absorbed, refl ected, or 
transmitted differently by tissue. Regarding laser safety, expo-
sure limits are grouped into three basic categories according to 
wavelength: ultraviolet (0.2 to 0.4 μm), visible (0.4 to 0.7 μm), 
and infrared (IR; 0.7 to 10 μm). Understanding the nature of 
damage to tissues involves multiple parameters that include wa-
velength, fl uence (energy per unit area), and power (the rate at 
which energy is delivered to the area; 5). Although the laser–tis-
sue interaction is multifactorial and complex, objective measures 
such as the aversion response time (the maximal amount of time 
that laser radiation can be focused in one spot before causing 
damage) generally are helpful tools in assessing damage to tis-
sue (in this experiment, corneal damage). For example, the aver-
sion response time for continuous wave lasers in the ultraviolet 
region is 30,000 sec; for the visible region it is 0.25 sec; and for 
the IR region it is 10 sec (1). On the basis of these fi ndings, the 
visible region has the potential to cause the most damage in the 
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least amount of time for continuous-wave lasers.
The majority of laser safety studies have been conducted at 

wavelengths in the visible spectrum (0.4 to 1.4 μm) because the 
laser energy is absorbed almost completely by the retina. The 
retina has a limited capacity to regenerate and repair after dam-
age; therefore, any damage to the retina may lead to permanent 
visual acuity loss (19). Some examples of lasers that operate in 
the visible spectrum are laser pointers, compact disc readers, and 
barcode readers. In medicine (dermatology), ruby lasers are used 
for hair removal and to treat tattoos and pigmented lesions.

Lasers operating in the IR region have not been studied as 
thoroughly as lasers in the visible region (4, 5, 11, 19, 24). The 
primary target for IR laser energy absorption is the cornea 
which, unlike the retina, has the capacity to regenerate or repair 
itself. Because the cornea accomplishes about 85% of the focus-
ing in the eye, a change in corneal shape or transparency can 
have a pronounced effect on vision (11, 20, 24). The cornea also 
is highly innervated. Accordingly, even limited damage can still 
cause marked pain and dysfunction (21). Prior to the advent of 
lasers, the primary concern for IR radiation exposures were high-
temperature sources, such as welding (19, 20, 22, 27). With the 
advent of more modern IR laser systems (e.g., remote thermal 
detectors, thermal imagers, range fi nders, and communications 
devices), the IR exposure potential is enhanced greatly. In addi-
tion, current medical technologies are replete with exposure po-
tential. For example, the CO2 laser is an important tool in surgery 
for both cutting and cauterization of tissues. Yttrium aluminum 
garnet (YAG) lasers are used for cutting and cauterization, as 
well as for tissue ablation and hair removal. Because the effects of 
laser energies in the IR region have not been thoroughly studied, 
current safety standards for this region have been extrapolated 
from study results done at 10 μm (1). Further research on thresh-
olds to validate or update these extrapolations is necessary. 

We chose to test an IR wavelength of 3.8 μm for several reasons. 
The bulk of the studies that have been conducted in the IR region 
have been at its extremes, focusing around 1.4 and 10.0 μm. There 
have only been a few studies of the mid-infrared region (4, 15), 
which are summarized in Table 1. Water absorption is thought to 
be the key factor in determining the type and extent of damage 
to the cornea from laser energy in the IR region. However, it is 
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well known that water absorption varies by two orders of mag-
nitude (13.7 to 667 cm–1) in the IR range (11). In addition, water 
absorption in the IR region has several maxima and minima, with 
one minimum at approximately 3.8 μm (132 cm–1; 8), as illustrat-
ed in Fig. 1. As the absorption coeffi cient increases, the depth of 
penetration decreases. The highest absorption coeffi cients theo-
retically result in more energy being deposited in a thinner layer 
of tissue, leading to more thermal damage than would be associ-
ated with smaller absorption coeffi cients. Therefore, 3.8 μm is an 
appropriate starting point to determine whether safety standards 
in place are protective.

The current method of corneal research, the live-rabbit model, 
is costly and time-consuming. Although live-animal research is 
still considered the most reliable and reproducible way of simu-
lating a human response, logistical support and cost often can be 
prohibitive. Accordingly, it would be benefi cial if the number of 
live animals used during testing could be reduced to only those 
required to verify the results supported by other models. 

We chose the ex vivo pig eye as a model system because it is a 
readily available organ and is relatively inexpensive compared 
with ex vivo rabbit and rhesus monkey tissues. In addition, the 
pig eye is slightly larger than the rabbit eye, so more area is 
available for corneal investigations. The ex vivo pig eye is used 
frequently for mechanical stress tests and for laser eye surgery 
studies because of its comparability to the human eye; however 
no data have been established for the use of the ex vivo pig eye 
in laser safety studies (2, 9, 16, 17, 18, 23).

There have been some attempts in the past to evaluate re-
placement models for the live rabbit in laser safety studies. Some 
of these models include ex vivo rabbit eyes and corneal equiva-
lent tissue cultures (7, 12, 13). The use of ex vivo tissue is a rea-
sonable alternative to live animals for many reasons. First, if 
properly harvested and preserved, the complex structure of the 
ocular globe can be maintained. If the globe and cornea can be 
maintained, the initial damage to the tissue from a laser pulse 
can be determined. With more robust preservation techniques, it 
may be possible to examine tissue and corneal healing processes. 
However, dissipation of heat and other physiologic functions in-
herent in the live-animal model would not be readily apparent. 
Second, because the tissue is from animals euthanized for other 
reasons, the ex vivo model minimizes the number of animals 
needed for a given experiment. Third, the use of ex vivo tissue 
does not require a veterinarian or other highly trained individual 
to administer anesthesia, pain management, or postprocedural 
care. Finally, the avoidance of animal protocols saves time and 
money, allowing for more rapid performance of experiments with 
fewer external requirements. Although corneal equivalent tissue 
culture appears to be a promising alternative to the live-animal 
model, many of the benefi ts of the ex vivo eye are not present 
with the corneal equivalent (7). Tissue culture is both time- and 

resource-intensive and requires special knowledge and training. 
The purpose of the present study was to evaluate the viability of 
ex vivo pig eyes as a replacement model for in vivo testing in the 
establishment of laser eye safety standards.

Materials and Methods
Eye preparation. A total of 24 eyes were enucleated from 

12 healthy pigs: fi ve 4- to 6-month-old Yucatan mini-pigs (Sin-
clair Research Inc., Auxvasse, Mo.) and nineteen 5- to 6-month-
old Yorkshire pigs (Charles River PharmServices, Southbridge, 
Mass.). These animals were not euthanized solely for this ex-
periment but were used previously in other protocols approved 
by the Uniformed Services University for the Health Sciences. 
All animals were cared for in accordance with guidelines from 
the Association for the Assessment and Accreditation of Labora-
tory Animal Care, International. The eyes were obtained under 
a tissue-sharing protocol. Animals were acclimated for 2 weeks 
prior to euthanasia. Animals were euthanized with Buthanasia-
D Special (Schering-Plough, Union, N.J.) at 1 mL/10 kg intrave-
nously while they were under general anesthesia. Immediately 
upon euthanasia of each animal (within minutes), eyes were col-
lected with clean instruments in a sterile location and by using 
methodology designed to minimize the possibility of biological 
contamination (i.e., by using latex gloves, changing gloves and 
cleaning instruments between animals, etc.). The eyes were re-
moved, rinsed with saline, and placed directly in Dulbecco’s Mod-
ifi ed Eagle Medium with 10% fetal bovine serum (Invitrogen, 
Carlsbad, Calif.) and then placed in 3 to 10% CO2 bags (GasPak 
EZ 260684, Becton Dickinson, Sparks, Md.) and refrigerated at 
∼10°C. Refrigeration was important to minimize the growth of 
biological contaminants and preserve tissue integrity. 

The eyes were stored 24 to 48 h before being exposed to laser ra-
diation. Before laser exposure, the eyes were brought to room tem-
perature (∼20°C) over a period of approximately 30 min, washed
in excess 0.9% saline, and placed on gauze supports. An identi-
fi cation marker was made with the date and exposure number 
written in pencil on a slip of paper. The use of pencil was impor-
tant as pen ink dissolved in formalin, which was the preserva-
tion solution. Prior to exposure, the eye was photographed with 
the identifi cation marker and placed on an exposure platform.

Table 1. Summary of cornea studies using laser wavelengths of ∼3.8 μm

Wavelength Pulse ED50
a

 (μm) duration (J cm–2) Spot size Model Reference

 3.731 500 msec 7.09 0.72 mm2 rhesus monkey 4
 3.698 125 msec 4.61 0.72 mm2 rhesus monkey 4
 2.900 100 nsec 6.99 2.0 cm2 rabbit 15
 2.795 500 msec 4.72 0.53 mm2 rhesus monkey 4

aED50 is the estimated dose at which 50% of the exposure trials result in a given 
response. In the case of cornea safety studies, this response is the presence of a 
superfi cial gray or white spot resulting from the laser exposure.

Figure 1. Absorption coeffi cients associated with water for wave-
lengths of photonic energy ranging from 1.4 to 10.4 μm (the infrared 
spectrum).
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Laser exposure. Once the eye was positioned with the pupil 
oriented upward, a 1-cm thick sheet of aluminum was placed 
horizontally over half of the eye to create a control region. The 
eye was then wet with 1 to 2 mL 0.9% saline solution approxi-
mately 20 sec prior to the laser exposure. The detail of the experi-
mental setup is shown in Fig. 2.

The laser used for all exposures was a 3.8-μm deuterium fl uo-
ride chemical laser with a square, ‘top-hat’ (uniform energy den-
sity) profi le, a pulse width of 8.0 μs, and a spot size of 4 cm2. The 
spot size was precisely measured at the beginning and end of 
each experimental day by exposing Kodak T- Mat G Film (part 
number 1373125, Eastman Kodak Co., Rochester, N.Y.) to the 
laser pulse. The exposed fi lm then was measured using a mi-
crometer to determine the area of the spot. During each expo-
sure, fl uence and total energy were measured using a Gentec 
ED-500 LIR plus (Gentec Electro-Optics, Inc., Québec, Canada) 
and recorded. Instruments are calibrated annually with NIST 
traceable standards. Each eye was exposed to a single 8.0-μs
pulse, and the exposures delivered to the tissue samples ranged 
from 4.0 J to 31.8 J cm–2.

After exposure to the laser, three different observers deter-
mined whether there was any damage to the eye. The criterion 
used for minimal damage was identical to that used by Brownell 
and Stuck (3), namely, the presence of a superfi cial gray-white 
spot that develops within 30 min of the exposure. Once a consen-
sus between the observers on the presence or absence of damage 
was reached, photographs of the eye were obtained. Each observ-
er was trained in at least two previous studies on identifi cation 

of changes to the cornea and evaluated the eye independently 
prior to obtaining any information on the fl uence. The eye was 
wrapped with the identifi cation marker in gauze immediately 
after completion of evaluation and photographs and placed in 
10% buffered formalin for preservation. 

Postexposure. After exposure, the eyes were prepared for 
histological evaluation after a minimum of 48 h in formalin. 
The eyes were blocked in paraffi n, cut in saggital sections (epi-
thelial to endothelial surfaces) to a thickness of 8 μm, stained 
with hematoxylin and eosin, and mounted on a glass slide. Each 
cornea was completely photographed using a Leica Microsys-
tems microscope with digital camera attachment in conjunction 
with QCapture software (version 1.68.6, Quantitative Imaging 
Corporation, Burnaby, Canada). Each photographed section was 
digitally measured using Image ProDiscovery software (Me-
dia Cybernetics, Inc., Silver Spring, Md.). In those areas of the 
cornea where vacuoles formed (most likely secondary to steam 
propagation), measurements were obtained from the base of the 
vacuole to the deepest layer of the cornea or endothelium. In 
areas where no vacuole formation was present, such as control 
regions, measurements were taken from the outer epithelium to 
the endothelium (i.e., the total corneal thickness). Measurements 
were made every 100 μm across the width of the cornea with 
approximately 7000 total measurements taken. Depth of pen-
etration measurements were not used for statistical analysis but 
were taken to evaluate the tissue response against the expected 
outcome based upon safety standards set by ANSI. These results 
will be presented in a future publication. 

Statistical analysis. Each cornea was examined visually im-
mediately (within 1 min) postexposure for any abnormalities or 
indications of gross morphologic changes. Each exposed cornea 
then was coded based upon a binary code (0, no damage; 1, dam-
age). Analysis of the gross response of the tissue was performed 
using probit statistics because of the binary nature of the data 
and its stochastic response. The estimated dose 50 (ED50), where 
50% of the trials are expected to result in a given effect, is the 
statistical standard used by ANSI in the establishment of safety 
standards (1). The program EZ Probit was used to calculate the 
ED50 (6). Only the initial gross morphological examination was 
used for statistical analysis.

Results
Gross morphology. Immediately after exposure (within 1 

min), the eyes were classifi ed as either damaged (clouding pres-
ent in the cornea) or undamaged (no corneal clouding observ-
able). At higher energies, the observed damage included pitting 
and ablation of the cornea extending to the stromal layer. The 
general trend of increasing damage correlating with increasing 
fl uence can be seen in Fig. 3. One point of particular interest is 
at 9.9 J cm–2. Until that point, damage to the cornea increased 
with increasing fl uence. At 10.3 J cm–2 there seemed to be a de-
crease in corneal damage, which then gradually intensifi ed with 
further increases in fl uence. This damage plateau observation is 
further validated by the histology, which shows that the depth 
of penetration decreased at this point. Indeed, the mechanism of 
damage appeared to change as well. 

An analysis of the gross response of the cornea indicated an 
ED50 of 6.7 J cm–2 (with a slope of 31.9 and a chi-square probabil-
ity of 0.9977). There was a negative response at 7.0 J cm–2 and a 
positive reponse at 6.6 J cm–2. The gross response of the corneas 

Figure 2. Pictorial cross-section representing the site of laser in-
teraction with the porcine cornea. Cell layers of the porcine cornea 
are labeled. Note that the porcine cornea does not have a Bowman’s 
membrane. Its location in the primate cornea is indicated for reference 
purposes only.

Ex vivo pig eye replacement model
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were almost deterministic, with the exception of this one data 
point. Fiducial limits could not be calculated using this data set. 

Histology. There are three regions of interest in the data re-
garding changes to the cornea and depth measurements (Fig. 4). 
Region A contains the two lowest energies (4.09 and 4.3 J cm–2)
and yielded a negative depth measurement, indicating swelling 
in the epithelial layer of the exposed region. Region B ranges 
from 5.5 to 9.9 J cm–2 and showed linear increasing depth of 
damage, with an exponential component at the upper end. Re-
gion C includes all fl uences > 9.9 J cm–2, which were associated 
with a dramatic drop in radiation penetration depth followed by 
a general upward linear trend with wide variation.

Region A includes fl uences of 4.1 and 4.3 J cm–2. In this re-
gion, the cornea showed no gross damage just prior to exposure, 
after which there was an observable ridge running down the 
center of the cornea. It was fi rst assumed that this ridge was a 
corneal abnormality that was missed prior to exposure; however, 
a subsequent exposure yielded the same result. In fact, tissue 
histology revealed swelling in the epithelial layer (Fig. 5B) when 
compared with the control region (Fig. 5A). It was not possible to 
measure depth of laser radiation penetration because there was 
no defi nable cellular damage beyond the swelling, which aver-
aged approximately 20 μm. It was clear that energy absorption 
caused change, but it was diffi cult to quantify because there was 
no vacuolization. 

The next region of interest was Region B, with fl uences from 
5.5 J to 9.9 J cm–2. Histologic evaluation demonstrated limited 
cellular damage that was contained to the epithelium. It was 
characterized by vacuolization, slight nuclear condensation, and 
cellular swelling (Fig. 5C). In both regions A and B, the damage 
seemed to be localized in one layer, with all damage at the depth 
of penetration and leaving the tissue which the laser radiation 
passed through unchanged.

The last region of interest was Region C, with fl uences > 9.9 
J cm–2. The average penetration at the center of the cornea was 

129 μm. Tissue evaluation revealed extensive cellular damage in 
the epithelial layer and vacuole formation in the substantia pro-
pria (stroma; Fig. 5D). Damage to the epithelial layer was charac-
terized by vacuolization (steam generation), cellular deformation, 
nuclear condensation, and cellular destruction and swelling. The 
primary mechanism of damage appeared to be marked surface 
heating. Damage to the stromal layer was characterized by vacu-
olization, nuclear condensation, and cellular destruction. Further, 
the damage to the stromal layer was not uniform: in some loca-
tions, there was no evidence of laser radiation penetration past 
the epithelium, whereas in others, the damage extended from 
a few micrometers to > 100 μm into the stroma. In addition, the 
overall mechanism of damage seems to be different in Region C 
compared with those of Regions A and B. The damage in Region C 
appears to be due to pronounced heat generation on the surface, 
which extends completely through the corneal tissue. Tissue dam-
age in Region C was not as localized as it was in Region B.

Discussion
There are several unique aspects of our study that materially 

differ from those of other similar efforts. These aspects include 
the wavelength of interest, the large spot size of the laser, and 
the use of the ex vivo pig eye. 

It has been previously noted that for IR lasers, the threshold 
for gross morphologic changes is dependent on spot size up to a 
specifi c area (25). Past studies at 3.8 μm used a 1.1-mm circular 
spot size, which may be diffi cult to evaluate visually (4). A spot 
size of 4 cm2 was chosen for this study to avoid spot-size-depen-
dency issues and to facilitate identifi cation of gross changes to 
the cornea. Our use of a large laser spot for this study (4 cm2)
may have been an important factor in the repeatability of the 
response from eye to eye.

During the design of the experiment we considered exposing 
the eyes at 37°C, but the logistics of performing the exposures 
at 37°C when considering optics and the laser operation were 

Figure 3. Gross corneal damage immediately after exposure at increas-
ing fl uence (in J cm–2).

Figure 4. Graphical representation of the average depth of laser 
radiation penetration of the porcine cornea versus incident fl uence. 
Exposures in Region A were associated with evidence of swelling of the 
epithelial layer. Exposures in Region B led to direct correlation between 
the incident fl uence and the depth of penetration. Region C showed a 
great amount of variability.
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overwhelming. In addition, the change in temperature from 10 
to 37°C and then back to room temperature after exposure was 
thought to produce more of an environmental shock than that 
of a graded change to room temperature. This shock might have 
introduced changes that were not predictable. 

The last parameter that must be addressed is the comparabil-
ity of the pig cornea to the human cornea and the two most fre-
quently used models, namely the rabbit eye and rhesus monkey 
eye. For the purposes of laser safety studies, the most pertinent 
aspects of these models have been summarized in Table 2 (10, 14, 

23). The results of our study seem to show that the ex vivo pig 
eye is a suitable model for evaluation of laser safety standards. 
The range of exposures studied (4.0 to 31.8 J cm–2) was selected 
to span from the threshold for a minimally visible lesion to a 
point where damage appeared to plateau.The resulting ED50 of 
6.7 J cm–2 compared very well with previous studies (Table 1) 
and supports the use of pig eyes as a useful model for evaluating 
threshold gross morphologic changes. 

Approximately 7000 data points were collected while mea-
suring corneal damage and subsequently graphed (Fig. 6). This 

Figure 5. Representative histologic sections of cornea (H&E stain; magnifi cation, ×200). (A) Unexposed control. (B) Region A; sample shown was 
exposed at 4.3 J cm–2. Cellular swelling evident, but no other identifi able damage. (C) Region B; sample shown was exposed at 6.59 J cm–2. Vacuole 
formation within the epithelial layer. (D) Region C; sample shown was exposed at 15.90 J cm–2. Extensive cellular damage extending into the stroma. 
Bar is 100 μ. ×20 objective. 

Ex vivo pig eye replacement model
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Table 2. Comparison of pertinent aspects of the corneas of the pig, human, 
and rabbit models

 Globe  Corneal Corneal Bowman’s
 diameter  thickness epithelium membrane 
Model (mm) (μm) thickness (μm) present?

Human 24 770 35 yes
Rhesus monkey 20 460 30 yes
Rabbit 18 450 30 no
Pig 30 1063 47 no

graph is a three-dimensional model representing all depths of 
damage at all fl uences and illustrates the advantage of using the 
ex vivo pig eye over most other frequently used animal models. 
Two regions of interest are noted in different colored bands. The 
region above the yellow band represents the overall thickness 
of the rhesus monkey and rabbit corneas. The region above the 
black band represents the overall thickness of the human cor-
neal. This information implies that points recorded below these 
bands corresponds to laser radiation that might have passed 
through the respective corneas. Therefore, potentially damaging 
levels of radiation might have gone unnoted if these models had 
been used. Furthermore, radiation that would pass through the 
human cornea, possibly causing damage to the retina or lens, was 
captured and quantifi ed in our pig cornea model. This attribute 
makes it possible to calculate the amount of energy that would 
be transmitted through the human cornea to determine whether 
damaging levels of radiation would reach the lens or retina. 

Our study had some limitations due to the time constraints 
caused by the availability of the laser system. A slit-lamp was not 
used to determine the presence of corneal damage; if it had been, 
our damage threshold may have been lower than that observed. 
In addition, the spot size we used was approximately two orders 
of magnitude greater than that typically used in past laser safety 
studies, and this increased spot size affected the thermal distri-
bution and uniformity of energy incident on the cornea.

Additional studies are necessary to ascertain whether the re-
sults from the thicker pig cornea could be modeled in conjunction 
with those from rabbit cornea. Because the pig cornea is thicker 
than that in humans and the rabbit cornea thinner than that in 
humans, it is possible that an average or a constant could be ap-
plied to better approximate the human cornea. An ex vivo rabbit 
eye study at this wavelength would make a good starting point 
to identify modeling prospects to address this issue. 

Despite these limitations, this study suggests the ex vivo pig 
eye is a potential replacement model for live animals. The his-
tology presented in a manner consistent with thermal damage 
as expected, and the ED50 was well within statistical limits of 
other exposures at this wavelength. Overall, the tissue response 
was consistent with what would be expected in an in vivo model. 
Further experimentation is necessary to confi rm the utility of 
this model over others; however, it seems clear that the use of ex 
vivo pig eyes could reduce the number of live animals needed to 
establish safety standards. Indeed, at the very least, ex vivo pig 
eyes could be used to ascertain a dose range for in vivo studies, 
thus minimizing the use of animals. 
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