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The interplay between theory and experiment has led to the development of light scattering as a
tool to probe the ultrastructure of the eye’s cornea. This interplay has also yielded an explanation of

infrared radiation damage to corneal cells.

INTRODUCTION

The cornea is the window in the wall of the eye
through which we see (Fig. 1a). This highly special-
ized tissue must not only possess the strength neces-
sary to withstand the intraocular pressure but must
also accurately maintain its curvature because the
curved air/cornea interface provides about 75% of
the eye’s focusing power. Understanding corneal
structure is therefore important because it determines
the cornea’s mechanical properties and underlies the
most essential characteristic of the cornea — its trans-
parency.

The ophthalmologist’s slit lamp microscope re-
veals that the cornea is a layered structure (Fig. 1b).
At somewhat higher magnification (Fig. 1c), light mi-
croscopy allows us to see the layers in more detail. At
the front is a cellular layer called the epithelium,
which is about six cells thick. These cells rest on a
very thin filamentous structure called the basement
membrane. At the back is a single cell layer called the
endothelium, which is attached to a thin collagenous
layer called Descemet’s membrane. The stroma oc-
cupies the region between the epithelial basement
membrane and Descemet’s membrane. It accounts
for 90% of the corneal thickness, which is about 0.5
millimeter in humans and about 0.4 millimeter in
rabbits, a common experimental animal.

The stroma is itself a layered structure. It is made
up of a large number of stacked sheets, called lamel-
lae, between which are interspersed a few flat cells.
The cells, called keratocytes, occupy 3 to 5% of the
corneal volume. The lamellae have relatively uniform
thicknesses of approximately 2 micrometers. High
magnification electron micrographs (cf. Fig. 1d) re-
veal that they are composed of uniform-diameter fi-
brils of the protein collagen surrounded by an opti-
cally homogenous macromolecular solution called
the ground substance. Within a single sheet, the fi-
brils, which are approximately 0.025 micrometer in
diameter, lie parallel to each other and to the corneal
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surfaces. The fibrils extend entirely across the cor-
nea; acting much like reinforcing rods in concrete,
they give the cornea its required strength. The fibril
axes in adjacent lamellae make large angles with one
another.

Transparency in the cornea requires that there be
little or no absorption or scattering of light. It has
been observed that the cornea does not absorb in the
visible portion of the spectrum. The slight diminu-
tion of the intensity of visible light as it traverses a
normal cornea is caused by scattering. Understand-
ing the relationship between scattering and the cor-
neal structure has been a major problem in ophthal-
mic research.'

The collagen fibrils are the primary scattering ele-
ments in the cornea. Because their diameter is small
compared to the wavelengths of visible light and their
refractive index is close to that of the ground sub-
stance, the fibrils are inefficient scatterers. However,
they make up for their inefficiency by their large
numbers, and a simple calculation shows that the
cornea would not be transparent if the fibrils scat-
tered independently of one another. This implies that
the fibrils do not act as independent scatterers and
that interference effects are therefore important in
explaining the cornea’s very real transparency. '™

Research directed at explaining the passage of light
through the multitudes of collagen fibrils has a long
history at APL>*® and was the subject of an earlier
Technical Digest article.® The early APL research ad-
dressed the question of whether the structures shown
in electron micrographs, such as Fig. 1d, would lead
to the observed transparency. A statistical analysis of
the fibril positions revealed the presence of short-
range order sufficient to cause the electric fields scat-
tered from the individual fibrils to partially cancel
one another by destructive interference.?* Including
this interference effect in the calculations led to good
agreement with the measured transmissivity.

Although this approach demonstrated that the ob-
served transparency could not be used to dismiss the
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Figure 1 — (a) Diagram of the eye showing the location of
the transparent cornea. Parts b, ¢, and d show the cornea in
ever-increasing detail to reveal its structural elements.
(b) The cornea as viewed in an ophthalmologist’s slit lamp
microscope. The bright bands on the front and back sur-
faces are, respectively, the epithelial and endothelial cell
layers that bound the central stromal region. (c) A light mi-
crograph of a cross section cut through the thickness of
the cornea. At this magnification, individual epithelial and
endothelial cells can be seen. This micrograph shows that
the stroma is itself a layered structure and contains a few
cells (keratocytes) between the layers. (d) An electron mi-
crograph of a small region of the stroma that shows that
each layer (lamella) is made up of a large number of parallel
fibrils of the protein collagen. Each fibril extends entirely
across the cornea; together they give the cornea the
strength required to support the intraocular pressure. The
fibrils in adjacent layers make large angles with one
another.

fibril arrangements shown in electron micrographs,
neither did it prove their validity. The problem is that
the preservation, dehydration, and embedding proce-
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dures required for electron microscopy could alter
the detailed structure. Indeed, other investigators
had dismissed the fibrillar arrangements in electron
micrographs as artifacts and had proposed other
structure models to explain the transparency. Two of
these investigators'’ postulated crystalline lattice-
like fibril arrangements and showed that they pro-
duced sufficient interference to be consistent with
transparency. Another investigation® presented elec-
tron microscopic evidence of fibrils binding much
more water than others had found, so that the fibril
refractive index more nearly matched that of the
ground substance. This matching would induce
transparency by reducing scattering rather than by
destructive interference.

Two other structure models were proposed to ex-
plain the increased scattering that gives swollen cor-
neas their cloudy appearance.®'® Benedek and his co-
workers®!!" attributed the increase to inhomogeneities
in the fibril distributions as depicted in electron mi-
crographs. Twersky'® showed that the increase in the
volume not occupied by fibrils in a swollen cornea
could explain the turbidity on the basis of a homoge-
neously disordered fibril distribution.

The first section of this article deals with the theo-
retical considerations we used to find a scattering
property that could be measured in fresh (unfixed)
corneas and that would allow us to distinguish
among the proposed structure models. We then de-
scribe the measurements of this property (viz., the
wavelength dependence of scattering) and show that
the scattering is consistent with the observed electron
micrographic structures. The second section of the
article describes how we extended the light scattering
method by including polarization effects, in order to
deduce large-scale structural information, especially
about the lamellar organization of the cornea. Addi-
tionally, those methods enabled us to rule out the
transparency theory, which is based on nearly equal
refractive indices. The third and final section of the
paper reviews our research on structural alterations
arising from the absorption of infrared radiation by
the cornea. Most of the earlier infrared work (con-
ducted elsewhere) concentrated on epithelial damage
caused by 10.6-micrometer radiation, which is entire-
ly absorbed within this frontmost cell layer. We have
examined epithelial, stromal, and endothelial dam-
age and in this paper discuss our research in terms of
thermal damage models. The results show that all
corneal cells have similar sensitivities to temperature
increases.

STRUCTURAL IMPLICATIONS OF
UNPOLARIZED LIGHT SCATTERING

When examining the cornea in a slit lamp micro-
scope, the ophthalmologist is looking at the small re-
sidual light scattering that takes place in this essen-
tially transparent tissue. As noted above, most mod-
ern theories of transparency are based on interfer-
ence effects that arise because of a certain degree of
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order in the spatial arrangement of collagen fibrils in
the stroma. This ordering also affects the residual
scattering, and we recognized that the scattering
properties could, at least in principle, be used to
probe corneal structure.>!?

Light scattering measurements are made on fresh
tissues and therefore are not susceptible to artifacts
that might be present in tissue prepared for electron
microscopy. The measurements cannot, of course,
provide a detailed ultrastructure probe because the
dimensions of the relevant structures are smaller than
or, at most, comparable to the light wavelength A,
being on the order of A/10 to \/3. Rather, our objec-
tive has been to use light scattering measurements on
fresh tissues to distinguish among the various struc-
ture models that have been set forth to explain the
transparency of normal corneas '**®* and the turbidi-
ty of abnormal corneas. °!'' We have used the wave-
length dependence of scattering to demonstrate that
transparency is the result of a short-range spatial or-
dering of the fibrils and that the increased scattering
observed in swollen corneas is caused by an inhomo-
geneous disruption of this ordering.?'? The spatial
arrangements shown in electron micrographs are
consistent with both findings. The theoretical con-
siderations that led us to examine the wavelength de-
pendencies are outlined below, as are the actual ex-
periments.

Although the details of the stromal ultrastructure
depicted in electron micrographs may have been cor-
rupted by the tissue preparation procedures, it is gen-
erally accepted that the stroma is composed of stack-
ed sheets (lamellae), each of which contains long,
thin, parallel collagen fibrils embedded in a ground
substance. In general, predicting the light scattering
to be expected from such an assembly would be a
complicated multiple scattering problem. That is, the
electric field experienced by any fibril would consist
of the incident plane wave field from the light source
and the scattered fields from the other fibrils. How-
ever, because the normal cornea is transparent, it is
reasonable to simplify the calculations by introduc-
ing the Born approximation in which the field experi-
enced by a fibril is approximated by the incident
(plane wave) field. At a distance from the cornea that
is large compared to the linear dimensions of the
illuminated region, the Born approximation to the
scattered electric field can be written as

N
E, = Y EQ e vy, (1)
j=1

In this equation, N is the total number of fibrils,
q=k[S, — S,| with k the wavenumber 27/\, and S,
and S, are unit vectors in the scattered and incident
directions, respectively. The vector r; specifies the
position of the jth fibril relative to some fixed origin,
and E? is the field that would be scattered from the
Jth fibril if it were at the fixed origin. Its displace-
ment from the origin is accounted for by the expo-
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nential phase factor. The field EY’ depends on the
diameter, refractive index, and orientation of the jth
fibril and on the wavelength of the incident radia-
tion.

For illustrative purposes, we will treat scattering by
a single lamella containing N, fibrils and assume the
fibrils are identical, in which case

N
E,=E, ) e . )
J=1

The scattered intensity and therefore the scattering
cross section, o, are proportional to the absolute
square of the field; i.e.,

o« [E,I? {N, % ‘LJ‘ y 'eiu-wrm}, 3)
i=1 1

Jj=

where the prime on the double sum indicates j # i.
The terms for which j = i have been gathered in the
factor N,.

The double sum accounts for interference among
the fields scattered by different fibrils, and its value
depends critically on the nature of the fibril distribu-
tion. For example, with a random assembly, the posi-
tions of the fibrils would be uncorrelated, and the
double sum would vanish because the independent
phase factors average to zero. For that case, the scat-
tering cross section is simply N, multiplied by the
cross section of an isolated fibril, and the wavelength
dependence is the same as that of |E; |?, which is in-
verse cubic (1/N%).1*

This same wavelength dependence is predicted for
distributions like those shown in electron micro-
graphs of normal corneas, for which there is a short-
range order. Short-range order means that the fibril
positions about any reference fibril are correlated
with one another for some short distance (a few fibril
spacings).**'? For such a distribution, the interfer-
ence term does not average to zero, but it can be
shown that the lowest order approximation for the
term in braces in Eq. 3 is uV,. The parameter p is the
normalized mean square fluctuation (variance) in the
number of fibrils in an area whose linear dimensions
are large compared to a correlation length. An analy-
sis of typical electron micrographs of healthy non-
swollen corneas shows that p is approximately 0.1;
thus the scattering would be reduced to about 10% of
that for the completely random distribution.

For a crystalline lattice arrangement, correlation
exists at all separation distances. Because the lattice
spacing (fibril separation) is small compared to the
light wavelength, there would be no scattering. The
interference term would equal —AN,, and the two
terms in braces in Eq. 3 would cancel.' Quasi-crystal-
line arrangements in which there are small random
displacements from the perfect lattice positions also
possess long-range order. For such distributions, it is
convenient to expand the interference term of Eq. 3
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in a Taylor series about the ideal lattice positions. It
is easy to show that the lowest order contribution
equals — N,, which would cancel the term in brack-
ets, as in the perfect crystalline lattice example. The
next order contribution is proportional to A2 and,
as noted previsiouly, the term multiplying the brack-
ets varies as A\°. Thus, long-range order models
would lead to a scattering cross section that varied as
the inverse fifth power of light wavelength.” There-
fore, structure models having short-range and long-
range order can be distinguished via light scattering
experiments. ™'

As noted in the Introduction, models developed to
explain the loss of transparency arising from the in-
creased scattering that accompanies corneal swelling
also lend themselves to similar tests. Twersky'® “‘ex-
plained’’ this increased scattering on the basis of a
hard-core model in which the collagen fibrils are
coated by a material having the same refractive index
as the ground substance. In such models, ordering is
caused by the condition that two fibrils cannot ap-
proach each other closer than touching. Twersky
fixed the effective hard-core diameter of the fibril so
as to obtain sufficient short-range ordering in the fi-
bril positions to allow agreement with the measured
transmissivity of the normal cornea. He then showed
that the increased volume per fibril in a cornea swol-
len to 1.5 times its normal thickness would induce a
homogeneous disordering of the fibril arrangement
sufficient to produce reasonable agreement with the
measured transmissivity at a light wavelength of 0.5
micrometer. Because this homogeneous disordering
only has the effect of increasing the parameter p,
a 1/N* dependence would be expected for the
scattering.

Electron micrographs do not depict a homoge-
neous disordering of fibril positions; rather, they
show that swelling is accompanied by the appearance
of regions (called ‘‘lakes’’) completely void of fibrils,
as shown schematically in Fig. 2a. Many workers
suggested that these lakes were artifacts. Benedek
and his co-workers at MIT, however, postulated that
it is the presence of these voids that causes the in-
creased light scattering that gives the swollen cornea
its milky appearance.®'!

Benedek devised an ingenious method for taking
lakes into explicit account when calculating light
scattering.’ The approach, shown in Fig. 2, is based
on recognizing that the actual fibril distribution is
equivalent to one in which the lakes are populated by
fibrils minus a distribution consisting of the fibrils
used to populate the lakes. One then calculates the
fields resulting from these two distributions and
keeps track of the terms resulting from the latter dis-
tribution in calculating the intensity. Quantitative
calculations based on this method have not been car-
ried out; but we were able to use it to show that the
presence of lakes would add a term to the total cross
section which varies as the inverse second power of
wavelength and which would dominate in highly tur-
bid corneas. Thus the scattering from such corneas
should vary as A%, a result clearly discernible by
careful light scattering experiments.

We chose to measure the total scattering cross sec-
tion. The process of averaging over all the lamellae
and integrating over all possible scattering angles in
order to compute this quantity from the cross section
in Eq. 3 does not change the wavelength dependen-
cies. The light scattering apparatus we used is shown
schematically in Fig. 3.> The collimated light from a
stabilized tungsten bulb passes through the cornea;
the light transmitted within an acceptance angle of
+1.5° is collected and filtered through a monochro-
mator, where it is detected by a photomultiplier. The
cornea is surrounded by a nutritive, balanced saline
solution that maintains its physiological condition
and also nearly matches its refractive index. The frac-
tion of light transmitted by the cornea, F, is the ra-
tio of the intensity transmitted when the cornea is in
position to the intensity when it is removed. It is re-
lated to the total scattering cross section (per unit
length) per fibril by

o, = [1/(pA)]InF; , “)

in which p is the average number density of fibrils
(the number of fibrils per unit area in a cross section
cut through a lamella of the stroma) and A is the stro-
mal thickness.

(a)

(c)

Figure 2 — Method of calculating the scattering from “lakes.” (a) is a schematic representation of a fibril distribution that
contains voids or lakes. (b) shows the same distribution with the voids filled in with fibrils of the same average number den-
sity and relative spatial distribution as the nonvoid regions of (a). (c) shows only the distribution of fibrils used to populate
the voids. In the actual calculation, these fibrils are assigned negative scattering amplitudes. Thus, the field scattered by
the sum of distributions (b) and (c) would be the same as that scattered by distribution (a).
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Figure 3 — A schematic view of the apparatus for measur-
ing transmission or angular scattering as a function of light
wavelength. The illuminated portion of the cornea is held
fixed at the center of a cylindrical bath. The bath is
mounted on a turntable, together with the collection optics.
Rotation of the turntable permits measurements of the
light scattered from the same portion of the cornea, inde-
pendent of scattering angle.

The transmission through several corneas was
measured at each degree of swelling. Care must be
exercised in analyzing the data to account properly
for rabbit-to-rabbit variations in corneal thickness.
For normal corneas, those variations alter F, simply
because of changes in A and do not reflect changes in
the spatial distribution of collagen fibrils. In order to
separate their effect, we average the quantity (1/4)
In F,, which is equivalent to assuming that the varia-
tions in thickness result from variations in the
amount of collagen laid down with an unvarying fi-
bril distribution. In order to analyze the data from
swollen corneas, we use the fact that the total number
of fibrils remains constant; consequently,

PA = pyAy, )

where p, and A, are the initial (normal) fibril number
density and thickness, respectively. Thus, the func-
tion that is averaged for the swollen corneas is

(InF,/A,) = (0,0A)/A, = 0,p,. (6)

The experimental results are displayed in Fig. 4 for
various degrees of swelling, R (swollen thick-
ness/normal thickness). It must be stressed that the
physiological conditions of the corneas were care-
fully monitored and controlled during the experi-
ments. These precautions were of the utmost impor-
tance because light scattering is such a sensitive func-
tion of corneal thickness. In the figure, we have act-
ually plotted the quantity \* {p, 0, ), where the brack-
ets denote the average value. The fact that the data
from normal corneas are well fit by a straight line of
zero slope supports the short-range ordering models
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Figure 4 — The wavelength dependence of the total light
scattering cross section from normal and swollen corneas.
As discussed in the text, the actual quantity plotted is
)\3(pou§>. Multiplication by the cube of the light wave-
length removes the inverse cubic wavelength dependence
that is characteristic of the individual fibril cross section. If
the normal cornea scattering is from fibrils distributed with
short-ranged ordering of their positions, the resulting plot
would have zero slope, which is in fact observed. According
to our extension of Benedek’s theory,3'g scattering from
lakes in swollen corneas would result in straight lines of
nonzero slope. Increasing values of the slope would repre-
sent a greater contribution from the lakes. This behavior is
found in the measurements.

and dictates against the long-range ordering models,
which predict a 1/N* dependence for this quantity.
These data do not invalidate the equal refractive in-
dex model of transparency, but in the next section,
we show that this model can be ruled out on the basis
of the cornea’s observed birefringence properties.
The data for the swollen corneas are fit by straight
lines having positive slopes. This result dictates
against the model relying on a homogeneous disrup-
tion of fibril positions. The data are consistent with
the lake model. The value of the slope measures the
lake contribution to the scattering, and, in agreement
with electron micrographs, the data indicate that
lakes are more important contributors at greater de-
grees of swelling. Also, the data suggest that lakes
are present even at the lower degrees of swelling. Our
electron micrographs show some evidence of lakes
when the thickness ratios of the corneas are as small
as 1.25 and definite evidence when the ratios are 1.5
or greater. In summary, the results of light scattering
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experiments are consistent with the structural fea-
tures shown in electron microscopy.

The fact that the light scattering measurements are
consistent with the structures revealed in electron mi-
croscopy is encouraging, but one must remember
that these comparisons assume that the collagen fibril
matrix in the stroma is the primary source of scatter-
ing. Other investigators have questioned this assump-
tion.!”> On the basis of their measurements of light
scattering as a function of depth into the cornea, they
concluded that the epithelial and endothelial cellular
layers scattered more light than the stroma.' Such
measurements are distorted by the finite resolution of
the detection optics. By properly accounting for these
distortions, we showed that their data actually sug-
gest that most of the scattered light comes from the
stroma. We also made similar measurements at a va-
riety of scattering angles and showed that the same
conclusion holds in all cases.'”> We are now making
angular scattering measurements by which we hope
to eliminate the possibility that the stromal scattering
comes from its keratocyte population, thus further
validating our underlying assumptions.

With respect to the theoretical analyses of light
scattering, up to now it has only been possible to
make quantitative calculations of the scattering from
normal corneas. We are now developing methods
based on the direct summation of scattered electric
fields using the measured diameters and positions of
the individual fibrils. These methods would be appli-
cable to moderately swollen corneas and also to
scarred corneas, whose fibrils have a wide range of
diameters and whose spatial distributions are nonuni-
form, provided that they are sufficiently transparent
for the Born approximation to hold. While they ap-
pear straightforward, the direct summation methods
are complicated by an artifactual diffraction term.
The term arises because the typical dimensions of the
electron micrograph region from which the fibril pos-
itions are determined are only about 2 by 4 microme-
ters. The procedure then is to assume that this region
is typical and extrapolate to the dimensions of the en-
tire illuminated region (about 400 by 1000 micro-
meters). For corneas of normal thickness, the true
scattering term is several orders of magnitude smaller
than the diffraction term, and extreme care is requied
to extract it. We have made considerable progress on
this problem and are confident that we have a trac-
table procedure, which we are testing by using it to
calculate the scattering by normal corneas. In the fu-
ture, we hope to tackle the problem of scattering
from highly turbid corneas. We plan to develop vari-
ational methods based on the direct summation ap-
proach. Our experience with other random scatter-
ing problems indicates that those methods can ac-
count for interference, polarization, and multiple
scattering.'®"

POLARIZED LIGHT SCATTERING

The methods described in the previous section all
involve the scattering of unpolarized light; however,
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other useful structural information can be gleaned
from the scattering of polarized light, especially at
small angles. Indeed, polymer scientists have long
used the small-angle light scattering (SALS) method
as a standard tool for investigating polymer mor-
phology.'® It consists of illuminating the specimen
with a collimated beam of plane polarized light from
a laser and observing the light scattered at small an-
gles. Two configurations are distinguished according
to whether the collected scattered light is polarized
the same as, or perpendicular to, the incident light.
They produce characteristic light scattering patterns
called, respectively, the I and I, patterns. The I, pat-
tern is caused by induced dipole oscillations that are
parallel to the incident electric field vector. If the
scatterers are either geometrically or optically aniso-
tropic, or both, the induced dipole oscillations will
also have a component perpendicular to the incident
field. That component gives rise to the I | pattern.

Several other investigators had applied the SALS
method to the cornea'®* and had interpreted their
results in terms of structure models known from
polymer physics. Unfortunately, the histological
evidence for those models was less than satisfactory.
Buoyed by our success with the direct approach of
comparing measured scattering with predictions
based on histological structures in the case of
unpolarized light,*'> we decided to undertake our
own investigation of corneal SALS. Our results, de-
scribed below, show that the SALS patterns can be
related to structures revealed by electron microscopy
and that depolarized scattering can be used to obtain
structural information about the architecture of the
stromal layers.?**

The SALS method probes structural features
whose linear dimensions are on the order of several
micrometers, significantly larger than those probed
by the conventional techniques described in the previ-
ous section. The obvious micrometer-sized structures
in the cornea are the cells within the epithelial, stro-
mal, and endothelial layers and the thicknesses of the
lamellae. We were also struck by the fact that low-
power electron micrographs of the cornea always de-
picted the corneal lamellae as undulating, rather than
smoothly following the overall corneal curvature (cf.
Fig. 5). The undulations were usually dismissed as
just another artifact of electron microscopy. We
noted, however, that their average 14-micrometer pe-
riod was consistent with the angular spread of ex-
isting corneal SALS patterns.?® In discussions follow-
ing the presentation of our unpolarized light scatter-
ing results at an international meeting, it was stated
that the lamellae actually do appear flat in electron
micrographs of corneas fixed with an applied pres-
sure that simulates the normal intraocular pressure,*
although no such micrographs had been published.

This observation, together with the fact that the
earlier SALS work had been done on unpressurized
corneas, provided the key to our initial SALS experi-
ments. We suspected that the undulating lamellae
might somehow act as a diffraction grating and
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Figure 5 — Electron micrograph of the central portion of a
rabbit cornea that was fixed without maintaining an ap-
plied pressure across the cornea. Several lamellae are
shown, and they undulate with a period of about 14 micro-
meters.

thereby produce the four-lobed cloverleaf pattern
that others had observed with rabbit corneas.® In
those patterns, the intensity maxima at a scatter-
ing angle of about 2° were consistent with a 14-mi-
crometer spacing in a Bragg-like diffraction condi-
tion. With this as our working hypothesis, we set out
to discover the influence of physiological conditions,
particularly intraocular pressure, on the cornea’s
SALS properties. At the same time, we began to de-
vise a method for preparing corneas for electron mi-
croscopy that maintained an applied pressure. We
also began to develop theoretical techniques for
calculating the SALS patterns from wavy corneal
lamellae.

The SALS apparatus is shown in Fig. 6.2 The
polarization rotator selects the polarization direction
of the incident light, and the aperture blocks stray
polarized light from falling on the cornea. Provisions
for applying a hydrostatic pressure behind the cornea
are included. The rotating analyzer is used to select
either the I, or the I, mode. Figure 7 shows the I,
scattering patterns from an excised cornea at three

To
hydrostatic
pressure

A
Ringer’s solution

Aperture

5
s T

Cornea holder

pressure levels.?* The zero pressure pattern is similar
to that observed by the earlier investigators. The new
finding is that the pattern disappears at the rabbit’s
normal intraocular pressure of 18 mmHg, which is
consistent with our hypothesis that the undulating la-
mellae cause the SALS pattern. We also found simi-
lar results with corneas that had both their endothe-
lial and epithelial cell layers removed, thus eliminat-
ing those structures as possible sources of the ob-
served SALS. In addition, we later obtained similar
results with bovine corneas. Subsequently, we con-
firmed that the lamellae indeed straightened in elec-
tron micrographs (cf. Fig. 8) of corneas fixed with an
applied transcorneal pressure. On the basis of this ev-
idence, we concluded that our working hypothesis
was correct. >

The results of these experiments not only satisfied
our objective of explaining the histological basis of
corneal SALS, but also showed that the wavy lamel-
lae are a property of unpressurized tissue and are not
introduced by the fixative per se. While performing
these experiments, we made several other noteworthy
observations. Like others,'*? we noted that trans-
mission through the analyzer in the I | configuration
varies substantially, depending on the direction of
the incident polarization, and that the sharpest SALS
patterns (like those in Fig. 7) are obtained at the set-
ting that minimizes this I | transmission. Away from
this setting, the patterns become less distinct. We also
noticed that, no matter what the setting, the lobes of
the I, pattern always align with the polarizer and an-
alyzer axes directions. The remainder of this section
deals with the development of our SALS theory and
shows how the interplay between theory and experi-
ments enabled us to extract significant information
from these and other experimental observations.

Since no theory existed, we had to devise one to
predict the light scattering from an assembly of long,
thin, wavy, dielectric cylinders such as the wavy col-
lagen fibrils shown in the electron micrographs of un-
pressurized corneas. The theory was developed in
collaboration with R. H. Andreo (formerly of the
APL Milton S. Eisenhower Research Center); his
contributions were essential. The first step was to cal-

Figure 6 — A schematic diagram
of the apparatus for recording
SALS patterns from the cornea.
The polarization direction of the
incident radiation can be varied by
means of the polarization rotator.
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As with our unpolarized light
scattering measurements, we
have made provision for applying
a transcorneal pressure during
the measurement.

~_ Viewing screen
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ZERO PRESSURE 9 mm Hg

18 mm Hg

Figure 7 — The effect of increasing transcorneal pressure on the | | scattering from rabbit cornea. The outer lobes define
the axes shown by the arrows. Experimentally, we find that these axes are aligned with the crossed polarizer and analyzer
directions. For the figure, the crossed polarizer directions are aligned to minimize the transmitted power. The scale for the
true scattering angle is given on the first plate. All plates were exposed and processed identically.

5um

Figure 8 — Electron micrograph of the central portion of a
rabbit cornea that was fixed with an applied pressure differ-
ence of 18 mmHg to simulate the normal intraocular pres-
sure. This cornea was from the mate of the eye used for Fig.
5. Note that the lamellae are essentially straight.

culate the scattering from an isolated wavy fibril. In
the Born approximation, this scattering intensity has
the form of a series of diffraction lines and, unfortu-
nately, is dominated by the lowest order line whose
intensity is independent of scattering angle (at small
angles). From this, we showed that an assembly of
such fibrils, acting as independent scatterers and hav-
ing an arbitrary distribution of orientation angles,
could not produce the scattering-angle dependence of
the experimental patterns.

This disagreement should not be too surprising be-
cause the fibrils are not independent scatterers. In-
deed, as discussed in the preceding section, corneal
transparency depends critically on the correlations in
the spatial positions of fibrils. Moreover, and more
important, the orientation and waviness of the fibrils
in a given lamella are not arbitrary; rather, the fibrils
are parallel to one another and undulate in phase. We
demonstrated that the effect of these correlations is
to produce scattering that is characteristic of a wavy
sheet.” We showed that the electric susceptibility
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tensor of the effective homogeneous wavy sheet can
be expressed directly in terms of the individual fibril
susceptibility, thereby relating a macroscopic proper-
ty of the sheet to the corresponding microscopic
property of its constituent fibrils.

The Born approximation theory predicts that the
scattering from a single undulating lamella is a series
of bright spots located at an azimuthal direction
along the mean fibril axis and at scattering angles,
6,, that obey a diffraction condition

m\ = Asin@,,. (7

Here, m is the diffraction order, A is the wavelength
of the light in the cornea, and A is the spatial period
of the undulations. The intensity of these spots falls
off rapidly with increasing order. Choosing A = 14
micrometers, in agreement with corneal electron mi-
crographs, yields 6, = 2°, which is in excellent agree-
ment with the scattering angle at which the experi-
mental patterns®***** exhibit their peak intensities.
The scattering pattern to be expected from a cor-
nea is obtained by integrating the single-lamella re-
sults over the distribution of lamellar orientations.
Because the single-lamella diffraction spots are re-
stricted to an azimuthal direction along the mean fi-
bril axis, scattering in a particular azimuthal direc-
tion comes entirely from lamellae oriented in that di-
rection. Thus, if the distribution of orientations were
uniform, the intensity of the SALS pattern would
vary with azimuthal angle in the same way that the
intensity of the diffraction spot varies with ¢, the an-
gle the mean fibril axis makes with the polarization
vector of the incident field. The fibril’s geometric
and polarizability axes are in the same direction for
isotropic fibrils, and the spot intensity would vary as
sin?(2¢), whereas it would vary as cos?(2¢) for strong-
ly anisotropic fibrils because their geometric and po-
larizability axes are at 45° to each other. Thus, the
predicted pattern would have four maxima as a func-
tion of azimuthal angle and, only for anistropic fi-
berils would these maxima be aligned with analyzer
and polarizer directions as observed experimentally.
Although these conclusions are based on a uniform
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orientation model, we will show that, for the condi-
tions of the SALS experiments of Fig. 7, similar re-
sults hold for the more general orientation distribu-
tion models suggested by other light scattering mea-
surements related to the cornea’s birefringent proper-
ties and by electron microscopy.

As noted earlier, the fact that the lobe-analyzer
alignment is maintained with tandem rotations of the
analyzer and polarizer in the crossed configuration
shows that there must be some fibrils (lamellae)
pointing in every azimuthal direction. However,
other observations rule out a completely uniform
lamellar orientation model. In particular, because
there are no preferred azimuthal directions in a uni-
form lamellar orientation model, it is inconsistent
with the fact that the crossed polarizer pattern varies
with such tandem rotations and that the I | transmis-
sion also varies with those rotations. The variable
transmission in this crossed polarizer configuration is
a manifestation of the cornea’s birefringence, which
produces different amounts of depolarization, de-
pending on the polarization direction of the incident
beam.

Figure 9 illustrates how this transmission varies
with polarizer orientation. The minimum transmis-
sion value is approximately two orders of magnitude
greater than the ‘‘leakage’ through the apparatus
when the specimen is removed. This indicates that the
emerging light is elliptically polarized, which is an-
other characteristic of birefringent material. Such bi-
refringence implies the existence of oriented struc-
tures in the sample. Indeed, the observed dependence
on polarizer orientation is consistent with distribu-
tions that have either one or two preferred directions
superimposed on a uniform distribution, as is also
suggested by electron microscopy.?* But the trans-
mission data show that if there are two preferred di-
rections of lamellar orientation, then they must be
orthogonal; otherwise, the maxima and minima
would not alternate at 45° intervals. Moreover, if the
distribution has two preferred directions at right an-
gles, then there cannot be equal numbers of fibrils
pointing in each of them, for if there were, a straight-
forward analysis®’ shows that the transmission would
be angle-invariant because the orthogonal fibrils
would cancel each other’s effect in pairs.

By measuring the total power in the incident beam,
we also showed that 40% of the transmitted field is
depolarized at the setting that produces the maxi-
mum I, transmission. This observation bears on the
transparency theories discussed in the first section. In
particular, this large amount of depolarization means
that there is substantial scattering. Thus, the equal
refractive index explanation of transparency® is un-
tenable, and transparency results from interference
among the waves scattered by the different fibrils.

In general, the existence of either one or two pre-
ferred orientation directions in the models suggested
by the data in Fig. 9 would affect the predicted SALS
patterns. The patterns in Fig. 7, however, were ob-
tained at the condition of minimum I, transmission,
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Figure 9 — Power transmitted through the rabbit cornea of
Fig. 7 in the | | configuration as the polarization direction
of the incident light and the crossed analyzer are rotated in
tandem. The circles are at zero pressure, and the squares
are at 18 mmHg pressure. The periodic variation with rota-
tion angle shows that the distribution of lamellar orien-
tations is not uniform; rather, there is either one preferred
orientation direction or two that are at right angles to one
another.

i.e., at the condition of minimum depolarization. It
is straightforward to show that this condition would
occur when the fibrils pointing in the preferred direc-
tions do not produce any depolarization, i.e., when
the polarizer is at 45° to one of the preferred direc-
tions. Thus, the I, SALS pattern in this setting is
produced entirely by the remaining lamellae that are
not in the preferred directions. This justifies our
claim that, at this setting, averaging over lamellar
orientations in these models is the same as averaging
over a uniform distribution of orientations. There-
fore, the theory predicts a four-lobed pattern in
agreement with experiments.?®

It is also interesting that, in the setting that pro-
duces the minimum transmission, the analyzer has a
specific orientation relative to the overall corneal
geometry. Thus, the preferred lamellar directions are
the same for each animal of a particular species.

Although we were pleased with this success of the
theory, we were initially puzzled by the fact that
the features of the experimental SALS pattern were
blurred at the setting for maximum I, transmission.
Indeed, our theory predicts that the sharpest patterns
should occur at the maximum I, transmission.
There, the analyzer and polarizer are aligned so that
the fibrils in the preferred directions produce the
peak intensities in the lobes, which, therefore, should
be brighter. The resolution of this apparent conflict
between the theory and experiments resides in the
large depolarization of the incident beam indicated
by Fig. 9. In particular, our theory is based on the
Born approximation, which approximates the field
incident on any fibril in the cornea by the incoming
linearly polarized plane wave. The approximation as-
sumes, therefore, that neither the irradiance nor the
polarization of the beam is affected significantly dur-
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ing its passage through the cornea. Standard trans-
mission measurements, such as those in the previous
section, show that the irradiance of the transmitted
beam is virtually unchanged. However, as noted
above, 40% of the incident field emerges depolarized
at the maximum I, transmission setting, while less
than 10% is depolarized at the setting for minimum
I, transmission.

Thus, our theory should hold at the minimum set-
ting but not at the maximum. Although we have not
made detailed calculations based on improvements in
the Born approximation, we have developed a heu-
ristic explanation of the washed-out appearance of
the SALS pattern. The small-angle I, scattering pat-
tern from incident light polarized parallel to the
analyzer direction is also a four-lobed cloverleaf, but
it is rotated 45° relative to the I, pattern.”>** At
the maximum I, transmission setting, there is a large
depolarized field incident on the back layers of the
cornea that therefore produces an appreciable I, pat-
tern superimposed on the I, pattern. This super-
imposed I, pattern fills in the spaces between the
lobes of the I, pattern and blurs its appearance.

Several interesting problems remain to be solved.
For example, a better understanding of plane wave
propagation through layered anisotropic media is
needed to make quantitative improvements in the
Born approximation. In addition, we must develop
more realistic structure models of the stromal lamel-
lae. Electron microscopy shows that fibril axes in ad-
jacent lamellae make large angles with one another
and that the lamellae pack without gaps in the un-
pressured state (cf. Fig. 5). The rigid corrugations as-
sumed in our present model would not permit such
stacking without the formation of gaps, and so more
general waveforms are required. The appropriate
forms are being investigated experimentally, and
theoretical methods of calculating the scattering are
being developed. If history repeats, we expect these
endeavors to yield further structural insights and to
provoke further interesting research questions.

STRUCTURAL ALTERATIONS FROM
INFRARED RADIATION

Although transparency demands that the cornea
not significantly absorb visible light, it does absorb
in the ultraviolet and infrared parts of the electro-
magnetic spectrum. In the infrared, the absorbed ra-
diation can cause damage by raising the temperature
of the tissue. Because of the widespread use of CO,
lasers, corneal damage resulting from exposure to the
10.6-micrometer radiation they emit is well docu-
mented.*3! The absorption length of CO, laser radi-
ation in water is only about 10 micrometers. Thus,
the radiation is absorbed entirely within the water of
the epithelial cells. Consequently, epithelial damage
received most of the attention of the early invest-
igators in this field. Minimal epithelial damage is
characterized by a relatively faint, gray-white area
that is visible with the slit lamp 30 minutes after ex-
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posure.>? The early workers determined threshold ex-
posure levels, that is, the combinations of beam ir-
radiance and exposure time that produce this type of
damage.

Heat conduction causes some of the thermal insult
from those exposures to spread to the endothelium,
and some evidence of altered endothelial integrity
following exposures at or slightly above the epithelial
damage threshold has been reported.®* In addition,
there are ever-increasing industrial and military uses
of other lasers that operate at shorter infrared wave-
lengths (e.g., holmium at 2.06 micrometers and erbi-
um at 1.54 micrometers). Radiation at those wave-
lengths would also be strongly absorbed by the water
of the cornea although not nearly as strongly as 10.6-
micrometer radiation. The absorption length in water
at the shorter wavelengths is comparable to and even
larger than the thickness of the cornea, so this radia-
tion would penetrate the cornea and cause a more
uniform temperature increase throughout its depth.

In general, one would expect this more uniform
heating to produce endothelial damage at or even be-
low the epithelial damage threshold, especially if the
endothelium were more sensitive than the epithelium
to temperature increases. The consequences of endo-
thelial damage can be more serious than epithelial
damage, which appears to heal quickly. The endothe-
lium plays a vital role in maintaining corneal thick-
ness. In the human, it appears to repair itself by a
mechanism in which the remaining cells slide and
enlarge to fill in the gaps left by lost cells.** Thus, re-
peated exposures in an unprotected environment
could lead to permanent corneal clouding because of
the impaired ability to maintain normal corneal
thickness.

Because of the serious nature of this potential
health hazard, we initiated a multidisciplinary ap-
proach to corneal infrared damage in collaboration
with Col. Edwin Beatrice and Mr. Bruce Stuck of the
Letterman Army Institute of Research. Our ap-
proach involves theoretical calculations of the tem-
perature/time histories caused by the exposure, mea-
surements of temperature increases resulting from
exposure to the beam from a CO, laser, and histolog-
ical documentation of structural alterations caused
by exposure levels near the damage threshold. The
calculated temperatures allow us to interpret our
damage thresholds in terms of the thermal history of
the tissue. The calculations were verified experiment-
ally using a CO, laser, and we have used that laser
for our damage threshold determinations. We use the
CO, laser in this research in order to take advantage
of the ease with which its mode quality, irradiance
level, and exposure duration can be controlled. These
characteristics are highly variable in other infrared
lasers. Moreover, the use of thermal models allows
results obtained with the CO, laser to be extended to
other wavelengths by appropriate calculations, which
are possible because the absorption coefficient of the
cornea is known throughout the infrared, and its
thermal properties closely approximate those of wa-
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ter. For the experiments, the laser is operated in the
TEM,, mode because its Gaussian irradiance profile
is reproducible and lends itself to easy analysis.

In the remainder of this section, we will describe
the research that has led us to conclude that all cor-
neal cells —epithelial, endothelial, and stromal—
have similar thermal damage mechanisms. For single
exposures having durations between approximately
1/20 and 1 second, cellular damage is associated with
the cells achieving a sharply defined peak tempera-
ture. Other single-pulse experiments at both shorter
and longer exposure durations, as well as experi-
ments involving exposures to sequences of subthresh-
old pulses, have shown deviations from this simple
“‘critical temperature’’ damage model. The implica-
tions of these experiments with regard to other possi-
ble damage models are discussed.

In order to gain a better understanding of endothe-
lial damage caused by exposure to infrared radiation,
it is important to know the endothelial temperature/
time history. We have elected to calculate the histo-
ries for a range of laser parameters and to verify the
calculations and underlying assumptions with a CO,
laser. The Green function solution to the heat flow
equation for a Gaussian beam incident on a semi-in-
finite slab has been discussed by Chang and
Dedrick,* who expressed the temperature at any lo-
cation within the eye as a definite integral. We have
evaluated that integral numerically to obtain the time
course of temperature at several points on the endo-
thelium for various exposures. Typical results for
10.6-micrometer radiation are illustrated by the
curves in Figs. 10a and 10b. The calculations assume
that there is no heat transfer from the epithelium
back into the air, that there is a good thermal contact
with the bathing medium at the endothelial side, and
that the thermal conductivity and the absorption co-
efficient (in the exponential Beer-Lambert absorp-
tion law) of the cornea can be approximated by their
values for water. Also shown in the figure are experi-
mental values for the endothelial temperature in-
crease measured with a very fine gauge thermocouple
placed at the endothelium on the beam axis.*® The
agreement is sufficiently close to show the validity of
the calculations and their underlying assumptions. In
other experiments using a liquid crystal technique,
the off-axis temperature predictions were verified as
a further check on the validity of the calculations.

In Fig. 10a, the exposure time (0.104 second) is ap-
proximately that of an epithelial damage threshold
exposure for 24 watts per square centimeter peak ir-
radiance.’'* In the histological experiments dis-
cussed below, we found that the 5 to 6°C increase in
endothelial temperature caused by such exposures is
insufficient to produce damage. The longer 1.04-sec-
ond exposure in Fig. 10b resulted in a temperature
rise of 45°C. That exposure corresponds to one of
the endothelial damage thresholds that we found in
our damage experiments.?’

We use a wet staining technique to determine endo-
thelial damage thresholds and to characterize the re-
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Figure 10 — The temperature histories on the beam axis at
the endothelium of a cornea exposed to 24 watts per square
centimeter. The cornea thickness was 0.38 millimeter. The
dots correspond to the temperatures measured with a 25-
micrometer thermocouple positioned on the beam axis at
the endothelial surface. The lines are the calculated tem-
peratures for the same position. In (a), the exposure time
was 0.104 second, which corresponds to the threshold for
epithelial damage at this irradiance. In (b), the exposure
time was 1.04 seconds, which corresponds to the threshold
for endothelial damage.

sultant lesions. The stains are alizarin red S to outline
the cell borders and either trypan blue or indocyanine
green to penetrate and thereby identify damaged
cells.’” Figure 11 illustrates threshold endothelial
damage produced by exposure to a beam having a
peak irradiance of 10 watts per square centimeter for
5.24 seconds. The distorted cells and uneven staining
of the cell borders are characteristic of threshold le-
sions. In particular, much of each damaged cell bor-
der is more heavily stained than are normal cell bor-
ders, yet other parts of the damaged cell borders are
often completely unstained. Another common fea-
ture of these lesions is that the boundary between the
damaged area and the adjacent apparently normal
cells is sharply delineated. The pulse durations that
produce threshold damage are clearly defined; endo-
thelia of corneas irradiated for 90% of the threshold
duration are indistinguishable from those of nonir-
radiated corneas. The exposure conditions in Figs.
10b and 11 (which cause minimal endothelial dam-
age) produce a 45°C temperature rise at the endothe-
lium.?” In both of these cases, the exposure durations
were ten times those required to produce minimal ep-
ithelial damage at the respective irradiance levels.
Thus, with a CO, laser, protecting against epithelial
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Figure 11 — A photograph of the border area of a thresh-
old endothelial lesion. The exposure was 10 watts per
square centimeter for 5.24 seconds. The endothelium has
been stained with alizarin red and indocyanine green. The
nearly hexagonal cells at the left are essentially normal.
There is a sharp delineation between these and the dam-
aged cells. In this case, the dark indocyanine green-stained
cells are associated with a folding artifact.

damage will certainly ensure endothelial integrity.
However, our calculations indicate that for other,
more penetrating infrared wavelengths, the tem-
perature rise throughout the cornea can be nearly
uniform. Thus, for these wavelengths, the damage-
threshold exposures of endothelium and epithelium
would be essentially the same because, as discussed
below, epithelial-damage-threshold exposures in-
crease the temperature of the epithelium by 45°C.*
During the investigation of endothelial damage, we
noted that corneas exposed to greater than the epithe-
lial damage threshold, but to less than the endothelial
damage threshold, develop a bowl-shaped region in
the stroma that is devoid of cells 48 hours after expo-
sure.’® At that time, such corneas have recovered
their normal thickness and have regrown a smooth
epithelium. Figure 12, a composite of several light
micrographs, clearly shows this acellular region. The
border between the acellular region and the region
containing undamaged keratocytes is sharply delin-
eated. The abruptness of the demarcation suggests
that keratocyte damage is also a sensitive function of
the temperature history. We used high-magnification

slit lamp photographs taken just before sacrificing
the animal for histology to measure the profile of the
lesion. Figure 13 shows the lesion border positions
determined in this manner for a cornea exposed to a
peak irradiance of 9.7 watts per square centimeter for
2.5 seconds. The lines in the figure are calculated
maximum-temperature-increase isotherms. These re-
sults suggest that a temperature increase of 45 to
50°C is needed to damage a keratocyte.*® This in-
crease is similar to the one we found for minimal
endothelial cell damage and to the increase that pro-
duces minimal epithelial damage.3'33:37:3

The infrared damage discussed up to now has been
from single-pulse exposures. However, range finders,
target designators, communication devices, and oth-
er infrared instruments used by the military emit se-
quences of pulses. Prior to our work, there were no
data on corneal damage from exposure to multiple
subthreshold pulses. Pulse trains are characterized by
the irradiance along the beam axis, /; the beam dia-
meter, d; the total number of pulses in the train, N;
the pulse repetition frequency, PRF; and the dura-
tion of the individual pulses, 7. In our initial experi-
mental protocol, the parameters /,, d, N, and PRF
were fixed and 7 was varied in order to determine the
minimum pulse width that produced epithelial dam-
age. The procedure was repeated as N, PRF, and I,
were varied systematically. We use the usual criterion
for minimal epithelial damage, i.e., the development
of a faint gray-white area, to determine the damage
threshold.?*

Figure 14 shows the calculated temperature his-
tories on the beam axis at a depth of 10 micrometers
in the cornea (a depth chosen to be just into the
epithelium, assuming that the thickness of the tears
that cover the epithelium is about 5 to 7 micro-
meters). The calculations are for various threshold
values of 7and N when /, = 10 watts per square cen-
timeter. In each case, the maximum temperature in-
crease is about 45°C, and this same temperature in-
crease also is found for the threshold exposures at a
peak irradiance of 46 watts per square centimeter.
These results are consistent with a critical tempera-
ture damage model.

Other researchers had postulated a damage inte-
gral model to correlate epithelial thresholds for sin-
gle-pulse exposures. In this model, an Arrhenius-like

Figure 12 — A montage of light micrographs of a stromal lesion 48 hours after an exposure of 26 watts per square centime-
ter for 0.4 second. The essentially acellular lesion extends about halfway through the stroma. The lesion is bordered by nor-
mal (but perhaps slightly swollen) keratocytes.
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Figure 13 — Measured position of the border of a bowl-
shaped stromal lesion. The points are measured from a
highly magnified slit lamp photograph taken 48 hours after
an exposure of 9.7 watts per square centimeter for 2.5 sec-
onds. The curves are calculated isotherms of peak tempera-
ture increase.

factor exp | — E/kT(¢)] is introduced, in which & is the
Boltzmann constant, 7(¢) is the temperature history
(in K) for the experimentally determined threshold
exposure, and E is an effective energy parameter.
This model postulates that damage will occur when
the time integral of the Arrhenius factor exceeds a
certain value. The marked differences in the time
courses of the temperatures in the multiple-pulse
threshold exposures in Fig. 14 are inconsistent with
this type of damage integral model.

Discussions with our colleagues at the Letterman
Army Institute of Research led us to modify our ex-
perimental protocol to keep the pulse width constant
(at 10 milliseconds) and to determine the peak irradi-
ance that causes threshold epithelial damage for dif-
ferent numbers of pulses. The temperature calcula-
tions for these experimental damage thresholds
showed some deviations from the fixed critical tem-
perature for damage that we had found consistently
in earlier experiments. In some cases, the calculated
peak temperature increase at threshold is as high as
68°C. In order to understand better the source of
these deviations from an essentially fixed critical tem-
perature increase of 45°C, we decided to reinvesti-
gate the single-pulse epithelial damage thresholds.
The existing threshold data determined for short (less
than 30 milliseconds) and long (greater than 500 mil-
liseconds) single-pulse epithelial exposures were
scarce and somewhat unreliable.** Our single-pulse
experimental findings are summarized in Table 1.
They show that while a simple critical-temperature
model correlates the damage very well for exposure
durations between 30 and 500 milliseconds, sig-
nificant deviations occur at both shorter and longer
exposures.

For exposures of 30 milliseconds and longer, the
temperature thresholds fit an empirical equation of
the form 7, = 75.5¢ °%¢(°C), where the exposure
time, ¢, is in seconds. This relation is close to the one
Egbert and Maher?** used to correlate quite scattered
data from a number of sources.
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Figure 14 — Calculated temperature histories for epithel-
ial threshold damage from multiple pulse exposures. The
temperatures are calculated at a point on the incident
beam axis 10 micrometers into the cornea. Note that, de-
spite the wide variability of the temperature histories, epi-
thelial damage in each case is associated with a tempera-
ture increase of about 45°C. (Beam diameter is 2.17 millime-
ters; irradiance is 10 watts per square centimeter.)
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Table 1 - Epithelial damage thresholds for single-pulse ex-
posures.

1/e Diameter
of Gaussian Peak Pulse
Beam Irradiance  Width EDy, AT, *
(mm) (W/em?)  (ms) (J/em)®> (°C)
2.34 148.8 9.6 1.43 73.6
2.44 88.8 17.9 1.59 65.2
2.40 60.8 23501 1.44 52.9
1.86 44.6 31 1.38 45.4
2.0 24.5 100 2.45 47.8
2.16 10.0 500 5.00 43.5
2.44 6.52 977 6.37 38.7
2.44 3.02 9730 29.4 36.0

*Calculated at a depth of 10 micrometers.
TExposure conditions for which a critical temperature damage
model holds.

For exposures of 30 milliseconds and less, there is
an interesting break in the curve when peak tempera-
ture data are plotted against exposure time. In order
to gain insight into the possible reasons for this break
and into the origin of the deviations from a fixed crit-
ical temperature at longer exposures, it is helpful to
examine the pulse width dependence of the energy
density needed to cause minimal damage. Figure 15
shows the variation of ED, with exposure time,
where EDy is the energy density for which there is a
50% probability of damage. The EDy, is essentially
constant for exposure durations below about 50 mil-
liseconds and increases (linearly on the log-log plot)
for exposures longer than 50 milliseconds. The EDyq,
values and their associated exposure times are experi-
mental data and are therefore independent of the
thermal model assumed for the temperature calcula-
tions. The behavior of the EDy, data could possibly
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Figure 15 — The energy density for which there is a 50%
probability of epithelial damage from single-pulse expo-
sures as a function of exposure duration. Note that EDs is
constant for exposures shorter than 50 milliseconds. EDgq
is a measured quantity and, unlike the temperature calcula-
tions, is independent of any assumed thermal model.
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be explained by assuming a different damage mech-
anism for exposures shorter than 50 milliseconds.
They could also possibly be explained by postulating
that a thermally isolated epithelium would sustain
damage when it absorbed a certain amount of ener-
gy. That energy might, for example, be used to raise
the temperature of the cells and to supply the latent
heat needed to cause an endothermic phase change
(such as protein denaturation, alterations of the or-
ganization of the lipids in the cell membranes, etc.).
In the intact nonthermally isolated epithelium, how-
ever, some of the energy would flow out because of
thermal conduction into the stroma and evaporation
at the anterior surface. Thus, the qualitative features
of Fig. 15 could be explained if the time constant of
the loss processes were =50 milliseconds. We intend
to explore the possibility that including evaporation
and other phase changes in the temperature calcula-
tions will lead to a consistent thermal damage model.
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