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Ablation spectra of the human cornea
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Abstract. Ablation of human corneal tissue with 193 nm excimer la-
ser energy generates fluorescence in the near ultraviolet and visible
regions of the spectrum. The fluorescence spectra from five human
corneas were collected during ablation in vitro. We find that the fluo-
rescence spectrum changes continuously as the cornea is ablated
from the epithelial surface towards the endothelium. We reduced the
dimensionality of the large data set resulting from each cornea by a
principal components analysis. The three most significant principal
component eigenvectors suffice to describe the observed spectral evo-
lution, and independent analysis of each tissue sample produces a
similar set of eigenvectors. The evolution of the calculated eigenvec-
tor weighting factors during ablation then corresponds to the observed
spectral evolution. In fact, this evolution is qualitatively consistent
between corneas. We suggest that this spectral evolution offers prom-

ise as a real-time surgical feedback tool. © 2001 Society of Photo-Optical
Instrumentation Engineers. [DOI: 10.1117/1.1380670]
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Laser corneal surgery systems in current clinical use rely on upon a preoperative measurement of both corneal topography
ultraviolet laser-induced ablation. Typically, these systems se- and measured refractive error. All clinically approved corneal
lectively remove tissue to optimize the air—cornea interface ablation methods, such as PRpghotorefractive keratotomy
geometry, although a significant number of cases involve the and LASIK (laser-assistedn situ keratomileusiy proceed
removal of superficial corneal opacities resulting from disease open loop(without real time feedback indicating progress of
or injury. Despite the notable success and popularity of laser the ablation as the system completes a precalculated ablation
corneal surgery, some variability occurs in postoperative vi- pattern. Clinically approved ablation methods designed to al-
sual acuity. It is natural to ask whether the fluorescence emit- ter the focal length of the cornea are empirically derived from
ted during ablation affords the possibility of closed-loop sur- large clinical studies. These studies established a statistical
gical feedback that provides improved predictability of correlation between corneal topography, visual acuity, and the
postoperative visual acuity. Laser ablation also effectively re- tissue removal pattern predicted to optimize vision. However,
moves abnormal corneal tiss[e procedure known as photo- these correlations were derived assuming a constant ablation
therapeutic keratotom{PTK)], which often is highly scatter-  rate. This method fails to account for variations in tissue that
ing in comparison with normal cornea and hence obstructs may occur with patient ag@ or certain disease processes.
vision. Removal of such abnormal tissue is performed entirely Despite the great success that open loop ablation surgery has
at the surgeon’s discretion, based in part upon the surgeon’senjoyed, there appears to be room for improvement by intro-
perception of the tissue fluorescence, which alters noticeablyducing feedback control of the ablation. In this paper, we
as the ablation exposes healthy tissue. Towards these endgyresent studies of the fluorescence of human corneal samples
this paper evaluates the relationship between the tissue fluo-in vitro, under conditions that reasonably approximate those
rescence generated during ablation and the degree of ablationin the operating room, to determine whether such fluorescence
The cornea is a layered structure consisting of the outermostmight prove useful for surgical control.
epithelial layer, the stroma, and the endothelium adjacent to  The histology of the cornea is well documented: marked
the aqueous humoysee Figure L Previous work has shown differences exist between the three primary layers of the cor-
spectral differentiation between the epithelium and the nea: epithelium, stroma, and endothelium. The outermost
stroma, but had not explored ablative fluorescence in greaterlayer of the cornea, the corneal epithelium, is a bt
detail}® multilayer of cells having rapid turnover. The epithelium rests
When used to alter the imaging properties of the cornea, anupon Bowman’s membrane, a 6+9n thick largely acellular
estimate of tissue volume distribution to be removed is based layer of randomly arranged collagen fibrils. The stroma con-
stitutes the preponderance of the cornea and is relatively
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Fig. 1 A schematic cross section of the cornea, showing the three Fig. 2 Optical layout used in this paper.
primary layers and indicating the direction of ablation. The epithelium

is approximately 50 um thick, the endothelium 10 um, and the

stroma 500 um.

ologic saline before use in fluorescence experiments. The con-
tribution of the fluorescence spectrum from any remaining

the stroma and the endothelial layer of cells. The endothelium components of the preservative solution is shown to be both
itself is a single layer of longer-lived cells. Together, Descem- small and independent of ablation depth. In order to eliminate
et's membrane and the endothelium are typically 6«8 in potential fluorescence from the corneal mounting jig, the en-
thickness. tire sample was mounted using a nonfluorescent arrangement

The evolution in structure of the ablative spectra described of stainless steel hypodermic needles either piercing or sup-
here may be consistent with numerous biochemical and struc-porting the opaque limbus. The tissue was thus suspended in
tural differences known to exist between the anterior and pos- free space, with the optic axis near the focus of the ablating
terior portions of the cornea and corneal stroma. The anterior laser beam. Because 193 nm photons excite fluorescence from
lamellae of human corneas are known to be interwoven, most materials, it was not practical to attempt to isolate the
whereas the posterior lamellae are Hiis is not surprising fluorescence spectrum of the preservative solution alone.
considering the different developmental origins of these two  We implemented the laser-induced corneal ablation system
regions. That is, the anterior one third of the stroma appears tousing a 193 nm Questek ArF excimer laser. The experimental
be of different developmental origin than the posterior two layout appears in Figure 2. An aluminum mirror focused the
thirds! In addition to collagens, other components are known excimer laser beam onto the epithelial side of the corneal
to exist in the cornea. However, knowledge of concentrations sample. This method minimizes fluorescence from optics in
and spatial distributions is sparse. It has also been shown, inthe laser beam path. In order to maintain the fluence at the
bovine corneas, that the concentration and types of gly- corneal surface at clinical values, we placed the sample a few
cosaminoglycans varies with corneal depthThe ratio of millimeters before the geometrical point of focus. This pro-
keratin sulfate proteoglycan to dermatan sulfate proteoglycanduced a rectangular laser spot approximately 4.5 mm by 3
is greater in the posterior than the anterior stroma. In fact, the mm in size in the sample plar(éhis compares with a 1-6.5
cloudiness seen in macular corneal dystrophy is thought to bemm spot size typical of commercial corneal ablation sysjems
related to failure of synthesis of mature keratin sulfate Fluence on the corneas was approximately &idicnt, near
proteoglycang® The transparency of the cornea results from clinical levels. To collect the fluorescence emitted during ab-
local constructive interference, minimizing scatter. Destruc- lation, we placed an aluminum off-axis paraboloid to image
tive interference is greatest in the posterior and least in the the ablated region onto the entrance slit of a 0.3 m monochro-
anterior stroma for rabbits and humahssuggesting depth-  mator. The relatively high degree of optical aberration associ-
dependent structural variations. It is reasonable to postulateated with off-axis paraboloids precluded any attempt at distin-
that specific compositional details vary with age as well as the guishing between fluorescence from the tissue and that of the
presence of corneal disease. The fluorescence of cells as welablation plume. A coarse 150 groove/mm grating mounted in
as collagens is discussed in detail in the literature. the monochromator permitted simultaneous acquisition of the

We used human corneas rejected for transplantation be-entire spectral rangé200—-900 nm with a linear focal plane
cause of pseudoephakia, sepsis, or extended storage time. Tharray detector. A lumogen-coated ultraviolet sensitive silicon
corneas were acquired from a local eye bank from donors diode array(EG&G Reticon captured the light dispersed by
showing no signs of corneal disease or systemic diseasethe grating. By placig a 3 mmthick Schott W280 long wave-
known to affect the cornea. The tissue as supplied included length pass filter before the entrance slit and as far from the
both the clear cornea and the limbus. Tissue was supplied incornea as possible we minimized collection of the secondary
standard ophthalmic transplant solution, which was thor- fluorescence excited within the filter glass by energetic 193
oughly rinsed from the samples with distilled water or physi- nm photons.
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An EG&G OMA Il triggered both the excimer laser and Residual Errors (RMS}
Reticon array readout. The excimer laser operated at a pulse ' ' ' ' ' '
repetition rate slightly less than 1 Hz, producing a nominal 1
ns long pulse. We programmed the OMA to acquire and store
each emission spectrum generated by a series of 65 consecu:- gygo}
tive laser shots, repeating this procedure until physical perfo-
ration of the tissue sample occurred. In principle, we could
have stored each of the thousands of spectra generated by the
series of laser shots necessary to achieve tissue perforation.
However, we found that the emission spectra change quite 4400
slowly as the corneal stroma ablates so that storage of every
group of spectra from the stroma was unnecessary.

The data resulting from the experiment consisted of mul-  200°f
tiple arrays of spectra, each array corresponding to a different
ablation depth. Changes in the spectra were not evident from |
one laser shot to the next, but were readily apparent upon ) . . ) . ) )
comparison of spectra separated by a significant number of 1 2 3 4 5 6 7 8 9 10

Number of Eigenvectors Summed
laser shots. Therefore, we chose to average all 65 spectra
within each acquisition sequence to reduce the overall size of Fig. 3 The principal components analysis discussed in the text utilizes
the data set to the number of acquisition sequences. The avihe first three eigenvalues to approximate the measured spectra. In
eraging of 65 shots removed any chance of observing effectsorder to demonstrate the fidelity of this approximation, the mean rms
from ablating through Bowman’s membrane as it-i6—9 error is shown for the fir.st (epithelial) spectrum Qf all five corneas. The
um thick. Note that the spectra are not corrected for wave- error appears as a function of the number of eigenvectors summed.
length dependent system throughput, as our goal is simply to
observe changes in the system under test. When so corrected,
these spectra agree with those determined in earlier work. acquired spectra from a corneal sample; any spectrum from
The data were smoothed in the spectral domain by a 25-pixelthat data set can be then approximated in the least squares
moving average. The temporal and spectral averaging em-sense as a linear combination of these eigenvectors. The
ployed in this initial report effectively limits the resolution of  analysis also generates the coefficients of the linear combina-
the method. We estimate the spectral resolution at 30 nm, tion used to produce a particular spectrum also result from the
which is consistent with the smoothing applied. In fact, the singular value decomposition. Mathematically, the analysis is
spectral features central to this report are much broader thanimplemented as a singular value decomposit®WD) of the
our resolution. Averaging of 65 single-shot ablation spectra data matrix X, where each normalized spectrum is one row of
reduces the depth sensitivity of the present analysis. Assum-X. SVD approximates X in the least squares sense by the
ing the ablation depth increment generated by a single laserproduct of three matricesDV’ whereU andV are orthonor-
pulse at clinical fluence levels to be 0.28, we can estimate  mal. Matrix U contains weighting coefficients, while mathk
our depth sensitivity to on the order of 65 times that depth, contains the eigenvectors. The remaining méis diagonal
16.3 um. This estimate of ablation rate is consistent with the and contains the eigenvalues. Typically in principal compo-
number of shots necessary to ablate our corneas to perforanents analysis, each eigenvector is multiplied by the corre-
tion. sponding diagonal element @. Here we choose to work

The analysis algorithm chosen is one commonly used to with the normalized eigenvectors and consider the eigenval-
investigate variations in a multivariate data set. In this case ues separately. This technique permits compact graphical pre-
multivariate refers to the simultaneous measurement at mul-sentation of spectral features on a common scale. Figure 3
tiple wavelengths of spectral energy density, i.e., photoabla- indicates the relative errors incurred in an approximation to an
tion spectra. These measurements were made repeatedly urepithelial spectrum that uses between one and ten eigenvec-
der varying conditions—progressively increasing ablation tors to build the approximation.
depth. As a preprocessing step every individual photoablation  |n Figure 4, we plot a summary of the spectral evolution
spectrum was normalized to its own area, and the mean fluo-measured during the ablation of the five normal corneas. We
rescence spectrum of each cornea was subtracted from eaCberformed an independent principal components analysis on

10000

6000

individual spectrum measured from that cornea. the spectral data from each cornea. Each row in the figure
We applied principal components analy$RCA) to the corresponds to a different cornea. In the first column, each

normalized data. This algorithm attempts to describe each figure depicts the first three most significant eigenvectors as a

high-dimensional measurement vectspectrun to a low- function of wavelength. Because the weightin@ are not

dimensional descriptive vectdtin this report, we summarize  included, each coefficient can be plotted on the same vertical
a spectrum measured at several hundred wavelengths using gcale. Note that the sharp peak at longer wavelengths with
three dimensional vector. Independently tracking the variation some corneas corresponds to leakage of scattered laser light
in the first, second, and third component of these vectors asappearing in third order. The coefficients of each eigenvector
ablation progresses, we find distinct patterns described later inas a function of shot group number appears in the second
this paper. column of plots. The data show that some corneas required
Stated another way, PCA provides a set of orthonormal more laser shots to achieve perforation. This follows from the
eigenvectors spanning the linear space defined by all of thevariation in angle of incidence inherent in mounting flexible
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Fig. 4 The plots summarize the results for the five corneas studied, with each row corresponding to a different cornea. The left hand column
presents the eigenvectors calculated from the full set of fluorescence spectra collected from the relevant cornea, while the right hand column shows
the evolution of the eigenvector weighting with shot number. The first three eigenvalues from the singular value decomposition appear in the upper
left hand corner of the weighting plots, normalized so that the first eigenvalue is always unity. The weighting factor represented by a solid line
decreases monotonically, while that represented by small dashes increases monotonically. The third weighting factor initially decreases, then
increases.

tissue with minimum support—increasingly off-normal inci- ing hydration of the tissue during the experiment. Because
dence increases the thickness of the cornea as viewed alon@f the low repetition rate of the laser, some time is necessary
the laser beam path. We found no significant changes in ab-to ablate to perforation. While we found that corneal
lation rate that could be attributed to the slightly shorter pulse hydration was partially maintained during the experiment
width of the Questek laser. by suspension of a water droplet from the sample, we
The fourth cornea is anomalous, a fact we attribute to the also tested the effects of hydration on the spectrum. No
especially long delay between harvest and measurement forsignificant change was observed in the emission spectrum
this sampldi.e., tissue degradatipnin the other four corneas, when a free-standing cornea was wetted with water. It is also
we find a similar set of eigenvectors, suggesting a set of easilypossible that ablation causes photochemical changes.
accessible spectral features. Furthermore, the coefficientsSuch changes are limited to the close vicinity of each ablated
evolve in a characteristic manner. The most rapid changesvolume because of the rapid spatial attenuation of the excimer
occur within the first few shots, in which the thin corneal photons and most fluorescence. Unfortunately, the relevance
epithelium is rapidly ablated. The spectral evolution then of photochemistry to the spectral evolution is difficult to test.
slows markedly as the stroma is exposed. This slower evolu- Furthermore, a photochemically induced modification of
tion validates our use of lower sampling density relative to the fluorescence spectrum does not by any means detract from
shot number in this regime. the usefulness of the fluorescence spectrum as a feedback
The spectral evolution presented here cannot be unequivo-parameter.
cably attributed to chemical gradients within the cornea with- Finally, we note that the laser spot on the cornea was not
out further work. Nevertheless, the behavior observed during perfectly sharp edge@ee Figure b Therefore, ablation at the
corneal ablation offers considerable promise as a quantitativeextreme periphery proceeded more slowly than at the center,
clinical feedback parameter in ultravioldsV) laser induced and the fluorescent spectrum acquired at each shot reflects an
corneal ablation. Clinical experience correlates visual obser- admixture of signals emanating from various depths below the
vation of fluorescence with ablation progress during PRK or corneal epithelium. In other words, the depth resolution of the
LASIK-type procedures. The behavior that we obseive experiment was limited by the transverse gradients in the ex-
vitro most likely reflects known composition gradients along cimer laser beam at the ablation plane. For these reasons we
the epithelium—endothelium axis. We must consider some al- see little reason to seek higher spectral or depth resolution in
ternative hypotheses, however. The simplest relates to chang-data from this experimental configuration.
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1300 the exception of a low repetition rate used to simplify data
llection.
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