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Introduction

The 38 papers contained in this volume are part of the 46 scientific and clinical
presentations given at the eighth conference on Ophthalmic Technologies, held 24-25
January, 1998, in San jose, California. Clinicians, scientists, and engineers came from
all regions of the world to attend this meeting, and to present the latest technical
advances and clinical results in the field of ophthalmic techniques.

This proceedings is divided into five main oral sections: ophthalmic diagnostics, laser
interaction with ocular tissues, ocular surgery, ocular implants, and eye modeling,
followed by a section containing poster presentations.

In the ophthalmic diagnostic sessions, speakers presented updates on recently
developed measurement techniques (autofluorescence, Scheimpflug, dynamic light
scattering), as well as new evaluation methods.

During the session on laser interactions with ocular tissues, the dynamics of
photoablation with the free-electron laser, the Er:YAG laser, and the new OPO system
at 2.94 pum were discussed and compared to those obtained with the ArF laser. Also
presented was a promising IR laser technique for retinal surgery, based on the use of a
filling material transparent at 2.94 um. The influence of different optical parameters,
such as spot size and optical aberrations in the laser beam, were discussed.

In the ocular surgery sessions, the latest clinical results in laser surgery were shown:
corneal photoablation with various ArF excimer and infrared lasers, and the cutting of
different intraocular structures. An exciting advancement in tracked laser surgery was
also described.

The session on intraocular implants was limited this year. However, the latest
techniques on modeling the optical properties of the eye, and in particular the cornea,
were presented. The poster session was truly an international event that included
participants from South America, North America, and Europe.

The chairs would like to thank all the program committee members, session chairs,
speakers, and participants, as well as the SPIE staff for making this conference a success.

We hope that Ophthalmic Technologies IX, to be held in San Jose, 23-24 January,
1999, will continue to offer a unique opportunity for clinicians, physicists, and
engineers to discuss the latest advances in ophthalmic techniques.

Pascal O. Rol
Karen M. Joos, M.D.
Fabrice Manns
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Dual-purpose laser irradiation and perfusion testing
system for in-vitro experiments using cultured
trabecular meshwork endothelial cells

Brian K. Rivera', Cynthia J. Roberts'?, Paul A. Weber?

The Ohio State University
'Biomedical Engineering Center, 270 Bevis Hall, 1080 Carmack Road, Columbus, OH 43210
?Department of Ophthalmology, UHC 5A, 456 W. 10th Avenue, Columbus, OH 43210

ABSTRACT

The means by which Argon laser trabeculoplasty (ALT) lowers intraocular pressure (IOP) is a matter of debate. Mechanical
and biological laser-tissue interaction theories have been proposed. To investigate the effect laser irradiation has upon the
aqueous outflow facility of trabecular meshwork (TM) cells, a suitable in-vitro model is required. Therefore the purpose of
this study was to design, construct, and validate a laser irradiation and perfusion testing apparatus. The system was designed
to utilize cultured TM cells seeded onto filter supports. Qutflow facility will be quantified by calculating the hydraulic
conductivity of the monolayer. An appropriate filter support was located, and it’s perfusion characteristics determined using
water. Afterwards, the steady state perfusion flow rate of the filter was ascertained to be 0.096+0.008 ml/min when culture
medium is used. Following these tests, a single, baseline perfusion experiment was conducted using a TM cell monolayer.
Analysis of the data produced a baseline hydraulic conductivity of 0.673+0.076 uV/min/mm Hg/cm?, well within the range
found in previous reports. A dual purpose, in-vitro cellular perfusion and laser irradiation testing apparatus has been
developed, tested, and validated using known baseline cellular perfusion values. Future experiments will be conducted to
verify these initial findings, and further experiments will be conducted using Argon laser irradiation. The response of the TM
cell monolayer will then be compared to the baseline figures.

Keywords: argon laser trabeculoplasty, trabecular meshwork, hydraulic conductivity, outflow facility, perfusion

1. INTRODUCTION

In 1979, Wise and Witter reported that Argon laser treatment of the trabecular meshwork (TM) found in the anterior
chamber angle of the eye caused a reduction of intraocular pressure (IOP)." This finding caused some controversy in the
world of ophthalmology, since only five years earlier, Gaasterland and Kupfer reported that the application of Argon laser
energy in a similar manner could be used to induce glaucoma in Rhesus monkeys.” The treatment techniques differed,
however, in the time of exposure and the number of burn spots applied to the TM. In the earlier study (Gaasterland and
Kupfer), the total energy delivered by the laser was significantly higher. During the next several years following the report
by Wise and Witter, data acquired from several limited clinical trials confirmed that Argon laser irradiation of the TM using a
shorter exposure time and a restricted number of burn spots did serve to lower IOP.>**¢’

Today, the procedure is now known as Argon laser trabeculoplasty (ALT), and it is commonly used clinically as a means
of treatment in pharmacologically unresponsive cases of primary open angle glaucoma (POAG). Yet, the mechanism by
which ALT produces this reduced IOP remains unknown. The currently accepted theory of action, initially proposed by Van
Buskirk,® is that Argon laser irradiation increases the metabolic function of the TM cells adjacent to the target site, causing an
increase in the facility of outflow.

In order to study the interaction of laser irradiation with the cells of the TM, it is appropriate to develop a suitable in-
vitro model, which pays particular attention to outflow facility. It would be impossible to perform such experiments on
living human volunteers, or animals. The development of such an experimental system presents several unique
complications. First, the model must suitably simulate the physiological conditions found in-vivo for the results to be
credible. Second, the testing system must be able to quantify the behavior of the TM cellular material under investigation.
Finally, the system must permit relatively simple and direct access to the cellular material being tested, for the purpose of
evaluation both during and immediately following laser irradiation.

SPIE Vol. 3246 @ 0277-786X/98/$10.00



2. PURPOSE

The primary purpose of this project was to develop an in-vitro perfusion testing apparatus using cultured TM endothelial
cell monolayers that would permit the application of laser irradiation to the cells, and quantify the cellular response to this
stimulus with respect to outflow facility. The motivation for such a project is the need to optimize the treatment parameters
of ALT. The current procedure is destructive in nature, and thus limits the number of treatments that may be applied. It is
hoped that the future experiments for which this system is intended will lead to a less destructive procedure that could be
repeated, if necessary. The purpose of the preliminary experiments detailed in this report was to determine if the proposed
model is a viable means by which these more detailed experiments can be carried out. This will be accomplished by
comparing the results obtained from the data analysis to those found in previous reports.

3. BACKGROUND / LITERATURE REVIEW

3.1 Mechanical Theories of Laser-TM Tissue Interaction

Wise believed that open angle glaucoma was caused by an age-related stretching of the collagen-elastin lamellae of the
TM ring."® Due to this stretching, the diameter of the TM ring would increase, pressing the TM tissue against the more rigid
sclera of the eye. The rings would then collapse upon themselves, pressing the lamellae together, and closing the
intertrabecular spaces. According to Wise’s theory, it is this collapse of the lamellae and closure of the intertrabecular spaces
that causes the decrease in the facility of aqueous outflow.

Wise proposed that ALT reduces the circumference of the TM ring by heat-induced shrinkage of the collagen fibers of
the lameilae when laser burns are applied over 360° of the trabecular area, along the inner surface of the ring. The scar tissue
that was produced at the burn sites would contract inward, pulling the trabecular ring back toward the center of the anterior
chamber thereby decreasing the diameter of the ring, and elevating the lamellae. This action, in turn, would cause an increase
in the width of the interlamellar spaces in regions that were not subjected to laser irradiation.’

A similar mechanism of action was hypothesized by Van der Zypen and Fankhauser. %1 n this proposal, the widening
of the intertrabecular spaces adjacent to the spot of the burn was due to disruption of the collagen fibrils of the TM, rather
than heat-induced shrinking. The studies by Van der Zypen and Fankhauser were conducted using live monkeys, rather than
human subjects or a similar in-vitro model. Despite the use of monkeys in the study, the authors noted that, “the decrease in
IOP obtained after trabeculoplasty in glaucomatous human eyes coincides in time with that at which widening of the
intertrabecular spaces by degeneration of cells and degradation of intercellular material was seen.”

3.2 Biological Theories of Laser-TM Tissue Interaction

In 1983, Van Buskirk, et al, proposed a different mechanism of action for ALT following in-vitro experiments on pairs
of donor globes and anterior chamber eye segments supported in organ culture. In each experimental set, one eye or anterior
segment was treated with 80 burn spots over 360° using the same laser treatment parameters as Wise and Witter, while the
other was used as a control. The studies confirmed that trabecular ring displacement did occur, but that this phenomenon was
most noticeable at “high levels of intraocular pressure” (> 40 mm Hg).*

It was also noted that the density of trabecular cells at a location midway between adjacent burn spots in eyes treated
with ALT was reduced by 39%. There was an increased rate of radioactive sulfate (*°S) uptake by the cells, suggesting that
laser irradiation induced a marked increase in the production of the extracellular matrix and glycosaminoglycans (GAGs).
From these results, it was hypothesized that ALT stimulates cellular division and migration, and increases the rate of
extracellular matrix synthesis in the TM cells that remain following the procedure.®

This hypothesis was supported in 1988 and 1989 following studies by Bylsma, et al, 12 and Acott, et al,”* respectively. In
the former study, comneoscleral organ cultures obtained from human donor globes were treated using ALT over 180° of the
TM ring, after which they were returned to organ culture with radioactive, tritiated (*H) thymidine added to the cuiture
medium as a DNA marker.'? It was found that TM cells in the ALT treated chamber segments had a 180% increased rate of
DNA replication over the basal level in the two days immediately following treatment. More importantly, this increase in
DNA replication was observed throughout the entire 360° of the TM ring, in both the 180° treated area, and the 180°
untreated area. From these observations, it was postulated that ALT, presumably by increasing the basal level of TM cellular
division, provides a means by which the most robust TM cells are selected. These cells replicate 1n response to ALT
stimulation, causing an increase in extracellular matrix (ECM) production and facility of aqueous outflow."?

The second study, conducted by Acott, et al, was likewise performed on corneoscleral organ cultures obtained from
human donor globes using the same laser parameters as Bylsma, et al. Unlike traditional ALT treatments, the laser spots
were applied just anterior to the center portion of the TM area. Tritiated thymidine, or radioactive carbon (**C) thymidine
was used as a DNA marker. It was found that the majority of the labeled TM cell nuclei were localized within the anterior



portion of the TM within this same time period. By 7 to 14 days post-op, the number of radiolabeled nuclei had dropped to
within normal levels consistent with controls. Concurrent with this decrease, there was an observed increase in the number
of radiolabeled nuclei located within the posterior portion of Al.T-treated TM. Following these results, it was hypothesized
that the newly replicated TM cells originating within the anterior portion of the TM migrate to and repopulate the ALT burn
sites.

3.3 Previous In-Vitro Perfusion Studies

There are essentially three techniques whereby TM material has been maintained in in-vitro perfusion cell culture,
ranging from simple to very complex. The most simple method was that used by Acott, Bylsma, Van Buskirk, and
associates'®, based upon a techmque initially used by Funderburgh." In this procedure, the entire comeoscleral region was
excised from a donor globe using a circular incision approximately 2.0 mm posterior to the limbus. Upon separation, the iris
and ciliary body were carefully teased away. Under microscopic evaluation, any remaining iris root was carefully removed
using tweezers so as not to dissociate the TM from the scleral spur.'> The entire corneoscleral explant was then rinsed and
placed into whole organ culture, concave side down. Media was exchanged every 2 or 3 days, and the cultures were allowed
to stabilize for a period of one week prior to experimental use.

The most complex TM culture method previously reported was that initially used by Johnson and Tschumper'®, and later
duplicated by Erickson-Lamy and associates.'” Both investigations used bisected anterior eye chambers supported in whole
organ culture with the lens and vitreous removed. These anterior segments were placed in specially modified culture
containers that, in-vitro, replicated a closed globe. Perfusion medium was forced through the aqueous outflow pathway under
simulated physiological pressures through special access ports that were incorporated into the design of the culture
containers. Pressure within the perfused segment was monitored throughout the experimental process using a Pressure
transducer mtroduced through a second access cannula.'®!” Perfusion took place either at a constant flow rate', or at
constant pressure'’, and the perfused material was removed from the culture chambers daily.

In contrast to these two previous techniques, the final perfusion method did not require whole organ culture of the
anterior chamber, but 1nstead used single endothelial cell monolayers.'*'*?° In these studies, conducted by Perkins and
associates,'®'® and Alvarado,” the cells were seeded and grown on filter membrane supports, which were then placed in a
spec1allzed perfusion testing apparatus. In the initial report by Perkins, et al, the purpose of the cellular perfusion system was

..to assess the physiological resistance to flow and the effects of pharmacological agents.”'

In a more detailed article Pubhshed by Perkins the following year, the results of flow studies carried out solely upon TM
cell monolayers was reported.” The response of the TM cells to pharmaceutical stimulation was quantified using a measure
of the cellular hydraulic conductivity. This value can be thought of as the facility of fluid flow or the fluid permeability
across the cell monolayer. Hydraulic conductivity (expressed in terms of ul / min / mm Hg / cm’) was calculated using the
formula Lp = Q / PA, where Lp represents the hydraulic conductivity, Q is deﬁned as the flow rate of the perfusion medium,
P is the perfusion pressure, and A is the surface area of the TM cell monolayer."”

A specialized TM-filter perfusion apparatus was designed and used in these studies.” The perfusion medium passed
under pressure from a reservoir bottle through a calibrated flowmeter. Flow rate measurements (Q) were taken at one minute
intervals. Downstream from the flowmeter, a pressure tap was used to monitor the perfusion pressure (P). The perfusion
medium then passed through the chamber housing the filter support and cell monolayer. According to Perkins, et al,
“Perfusion of the cell monolayers was conducted using a pressure of S mm Hg, while the pressure at the back of the filter
remained at zero (room air).”"> The perfusion medium consisted of the same growth mixture used to culture the cells, and
the entire experimental apparatus (with the exception of the oscilloscope used to monitor the transducer output) was enclosed
in a humidified incubator.
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4. MATERIALS AND METHODS

In the proposed perfusion testing system, as in that employed by Perkins and Alvarado, the hydraulic conductivity (Lp)
was used to quantify the outflow facility of the cell monolayer. As noted previously, two unknowns in the calculation of this
figure were of particular importance — the perfusion flow rate (Q), and the perfusion pressure (P). It has been assumed that
the area (A) covered by the cell monolayers would be a consistent and known value for the experiments reported herein, and
in all future. This area was assumed to be equivalent to the surface area of the filter support.

4.1 Design of the Laser Irradiation and Perfusion Testing Apparatus

In light of the concerns outlined in the previous section, a new perfusion chamber has been designed such that the filter
and monolayer are oriented vertically. Perfusion medium flows into the chamber through a side port, and the laser port is
located at the top of the chamber, centered with respect to the location of the filter and the cell monolayer. The upper part of



the chamber serves two purposes: to establish a standing reservoir of perfusate, and to permit movement of the laser fiber
tube in order to permit variation of the diameter of the output laser irradiation cone.
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However, it should also be noted that as the flow rate drops into
this very low regime, so too does the accuracy of both the device and the human observer.

These flowmeters are all based upon the same principle. A small glass or stainless steel spherical float is constrained
within a flowtube of variable area. The diameter of the flowtube is slightly larger than the diameter of the float at the input
end of the tube, and increases progressively toward the output end. As a flowing fluid passes through the device, the float
trapped inside is forced to move up the length of the flowtube in a known relation to the rate of flow. The flow rate is then
determined by visually correlating the center of the spherical float with a calibrated scale that has been fused to the outside of
the flow tube.

The flowtubes and floats of these devices are usually constructed of glass, which can be repeatedly sterilized without any
threat of damage or loss of accuracy. The devices finally selected for use in the perfusion system are shielded, compact
flowmeters, produced by Gilmont® Instruments. The size 10 flowmeter is capable of water flow rate measurements from
0.002 to 1.1 mI/minute, while the size 11 flowmeter is capable of measurements from 0.01 to 4.0 ml/minute.

TM cells are attachment-dependent, meaning that they must have a surface to adhere to in order to grow. Perkins'®" and
Alvarado®® utilized a filter upon which to grown the cells for use in their perfusion experiments. This same, unique
requirement was also carefully addressed in the design of the new perfusion and laser irradiation system. It was decided that
the growth substrate should allow complete coverage of the membrane surface by the cells, while at the same time permitting
perfusion medium to pass without a significant amount of hindrance to the fluid conduction activity of the monolayer.

One of the other motivating factors for the re-design of the perfusion testing chamber was the need to accommodate
larger diameter filters, which were considered for use in the system. It was noted during an examination of the background
literature that the flow rates would be extremely low, on the order 0.2 ml/minute. The larger filters were incorporated into
the system design in the hopes of increasing the perfusion flow rate. Recall that in the hydraulic conductivity equation, the
flow rate is divided by the product of the cellular/filter surface area and the perfusion pressure. In order to maintain a given
hydraulic conductivity with this increase in perfused surface area, the flow rate would have to increase as well. It was
believed that this would thereby increase the accuracy of the flow rate measurements.

In order to detect and track the perfusion pressure, a new approach was devised for the apparatus using an in-line
pressure transducer produced by Abbott Critical Care Systems® which is normally used for blood pressure monitoring.




Because the new perfusion chamber has been designed to be oriented vertically, the pressure transducer should likewise be
mounted in a vertical position against the side of the perfusion apparatus. These devices have the advantage of being
relatively inexpensive, and have a known linear response at a given excitation voltage. The only difficulty in using this
device with the proposed perfusion system was the need to develop a data acquisition system that could accurately detect and
process transducer response voltages on the order of 150 pV (6.0 V excitation x 5.0 pV/V/mm Hg transducer sensitivity x 5
mm Hg approximate perfusion pressure).

Accurate measurements were necessary to ensure that the sensory element of the pressure transducer was placed as close
to the position of the cellular monolayer and filter support as possible. This arrangement allows a more accurate dynamic
response to changes in pressure by the transducer, as the pressure measurements taken at this location relative to the column
height of the perfusion medium would be equivalent to the fluid pressure exerted upon the cellular monolayer. Additionally,
the pressure drop that would normally be encountered due to the tubing used to conduct the fluid medium would be
negligible, since the apparatus had been designed such that a standing column of liquid would be contained within the
perfusion chamber itself. In the perfusion apparatus used by Perkins and Alvarado, the pressure tap located downstream from
the flowmeter would not produce as accurate a measurement because there is a pressure between the pressure tap and the
perfusion chamber housing the cell monolayer. This pressure drop is cause by friction between the flowing perfusate and the
wall of the tubing conducting the medium.

To resolve the problem of providing support for the cell monolayer, specialized cell culture plate inserts, which resemble
small petri dishes were used. While the primary structure of each culture plate insert is composed of an inert plastic material,
the base of each insert is actually a filter membrane. According to the manufacturer, the applications for which these
specialized inserts were intended include “transport across cell monolayers” and “permeability of cell monolayers”.

These filter membranes are produced from a variety of different materials including PTFE, mixed cellular esters (MCE),
and polycarbonate (PCF). For these perfusion experiments, a tissue culture treated polycarbonate membrane filter was
selected. This differs from the previous experiments by Perkins and Alvarado, in which HATF filter membranes, composed
of MCE, were used.'>® The PCF filter type was selected because they have been specially produced to support and
encourage cellular adhesion and growth, which in theory should reduce the number of cells required to ensure complete
coverage of the filter support. In Perkins’ report, it is noted that TM cells had to be seeded onto the HATF filter supports at a
density of 10° cells/ml to achieve this."

These PCF filter membranes were available in three different pore sizes, 0.4 uym, 3.0 um, and 12.0 um, and diameters of
12.0 and 30.0 mm. The latter diameter was selected for use in these studies because, as mentioned previously, the flow rate
range of the perfusing medium would be limited, and more difficult to measure accurately with the smaller diameter filter
size. It was hoped that the larger diameter filter would increase the dynamic range of the perfusion flow rate, which in tum
would permit more accurate detection and measurement. The primary drawback to the use of this larger filter, was that the
cells would require a longer period of time to cover the entire surface of the filter with a confluent monolayer.

Only the 0.4 and 3.0 um pore size filter membranes were considered for use in these perfusion experiments. The
smallest pore size is very close to that used by Perkins'® and Alvarado® in their experiments, however, it may also serve to
impede the fluid conduction activity of the cell monolayer. Hypothetically, the larger pore size would permit a more accurate
simulation of the true in-vivo condition, as well as an easier and more direct assessment of the cellular monolayer
permeability. A preliminary series of tests was run using only the filter supports in order to determine which filter pore size
was better suited for actual experimental perfusion studies.

A Pentium® based computer with a 120 MHz processing speed served as the base of the data acquisition system. To this,
a number of components purchased from National Instruments® were added, as well as LabVIEW™ software for analysis and
processing of the data. This software package is the heart of the system for detecting and processing the pressure
information. Using LabVIEW®, block diagram programs with heads-up graphic interfaces and controls are assembled into
virtual instruments (VIs) that are run from the computer. The VI's, in turn, read and process the data in real time from the
computer acquisition board.

Because the data signals expected from the transducer would be on the order of 150 uV (0.15 mV), an external amplifier
was required. This unique device was one of the extra components that was purchased from National Instruments®, and was
specifically designed for easy calibration and processing of voltage data obtained from strain gauge-type transducers.
Calibration and “zeroing” of the transducer signals prior to experimentation was accomplished using on-board potentiometers
that were readily accessible to the user.

After the voltage output from the transducer was read and saved by the pressure monitoring VI, it needed to be converted
to pressure readings. This was accomplished using the known sensitivity of the pressure transducer and the input voltage
from the regulated power supply. Multiplying the transducer sensitivity by the excitation voltage produced the following
conversion factor:

(6.011V, excitation voltage) x (5.00 uV/V/mm Hg, transducer sensitivity) = 30.055 yV/mm Hg



The averaged transducer output data, given in terms of uV, was read by the data acquisition system and loaded into a buffer.
To convert this output to pressure in terms of mm Hg, this voltage data was then divided by the calculated conversion factor:
Transducer Response Voltage + 3.055 X 10 V = Perfusion Pressure (mm Hg)
Because of this conversion, it is easy to see why
it is imperative that the transducer be calibrated |separstory Fumnel
and zeroed properly prior to experimentation, Perfusion Chamber
because even small deviations could have a
significant impact upon the calculated average Pressure Transducer Sigal Condiioning Mochule
perfusion pressure. After this conversion had \F‘Q
been completed, the calculated pressure values E H
were plotted in real time, and the data was
written to disk in a text format that could be
imported into common spreadsheet programs. /
The entire experimental apparatus, with
computer and data acquisition components is
shown in Figure 3. During experimentation, the —
entire apparatus with the exception of the Flowmeter
computer components and the strain gauge
signal-conditioning accessory, was contained
within a humidified incubator. The pressure
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transducer was connected to the strain gauge C )
accessory using 24-gauge telephone wire run
through a rear access port of the incubator. Figure 3 — In-vitro laser irradiation and perfusion testing apparatus.J

4.2 Data Processing Methodology

A vital piece of information that was not included in previous reports was a detailed description of the numerical method
employed to determine the hydraulic conductivity of the cell monolayer. Perkins’ report simply states, “The contribution of
the filter to the conductivity of the cell layers was subtracted by treating the filter as a resistance in series with the resistance
of the monolayer.”" Using Perkins’ statement and Ohm’s law as applied to electrical circuit theory (V=IR) as a starting
point, electrical analogues to the flow rate and perfusion pressure conductivity needed to be found.

Current (I) is defined as “the time rate of change of electrical charge”, and is usually expressed in terms of
coulombs/second. This would be analogous to the flow rate, which can be thought of as the time rate of change of a quantity
of (flowing) fluid. Likewise, voltage (V) is defined as “the difference in energy level of a unit positive charge between two
points.” It is also commonly referred to as the electromotive force. This would be analogous to the perfusion pressure,
which can be thought of as the difference in energy contained within a column of fluid between two different heights.
Finally, the resistance (R) in an electrical circuit would be equivalent to the resistance to flow, which would be proportional
to 1/A.

When the perfusion apparatus has been constructed and tests are to begin, there will exist two separate situations with
known quantities: perfusion of the filter using culture medium without the cells, and perfusion of the cells and the filter.
Using the Ohm’s law analogy as applied to the filter only perfusion situation:

Ptransduccr - Pout = QﬁlterRﬁlter
That is, the pressure indicated by the transducer minus the pressure at the end of the perfusion system is equivalent to the
filter perfusate flow rate multiplied by the resistance of the filter alone. Since the system is open to the outside environment
at the end, P, is equal to zero. Rearranging this equation, then, produces:
Rﬁlter = Ptransducer ! Qﬁhcr ®
Now applying Ohm’s law to the second situation involving both the cells and the filter, and treating the cellular resistance
and filter resistance as series resistors:
Ptransducer - Poul Qcclls+ﬁltex (Rcdls + Rﬁlter) @
This equation states that the pressure measured by the transducer minus the pressure at the end of the perfusion system is
equivalent to the flow rate across both the cell monofayer and the filter multiplied by the sum of the cellular and filter
resistances. Substituting equation ® and the known value for P, into equation @:
Ptransducer = ch\ls+ﬁltcr [Rcells + (ptransducer / Qﬁher)] ®
Using electrical node theory, the pressure drop across the cells alone (AP.y;) can be determined:

APcells = Qccll\’rﬁlter Rcells
Rearranging this equation produces:

R<:ells APccHs / chlls Hilter @



Substituting equation @ into equation @:

Peransducer = Qeetts+itter [(APeets / Qeelicsfiter) + (Pransducer / Qiner)]  ©
Solve equation ® for the quantity AP,

(Pransducer / Qeetis+fiter) = (APceits / Qcetts+fitver) + (Prransducer / Qitter)
(Puansducer / Qcens+fitter) — (Prransducer / Qgiter) = (APeelis / Qcelis-itter)
Multiplying through by Qens«fier produces:

APty = [(Qcetts+fiter Prransducer) / Qeetis+iner)] = [(Qcentsfiner Prransducer) / Qfiter]
Simplifying the fractional values:

APty = Pransancer [1 = (Qeettssfieer / Qiner)] @
Now, considering the hydraulic conductivity equation for the cell monolayer alone:

chells = Qcells+fitter / (Acells APens) )
Substituting equation ® into equation @:
Lpeets = [Qeettsfier / (Aces Prransaucer 1 = Qoettseiter / Qeiner]

This is the key equation for calculating the hydraulic conductivity of the cell monolayer alone. As shown, it is dependent
upon the average perfusion flow rate across the cells and the filter, the surface area covered by the celis (also assumed to be
the surface area of the filter support), the pressure indicated by the pressure transducer, and the average flow rate across the
filters alone.

4.3 0.4 ym and 3.0 um Pore Size Filter Water Perfusion Experimental Protocol

The first two series of experiments conducted using the proposed apparatus were designed to determine which pore size
filter would function best in the perfusion system. Repeating what was said earlier, the perfusion characteristics of the filters
that were to provide support for the TM cell monolayer would have to be determined. As demonstrated in the cellular
hydraulic conductivity equation, the flow rate across the filter should be a known quantity. Since this figure was to be an
average over several tests, it was decided that the filter perfusion flow rate would have to be relatively consistent from test to
test. A high degree of variability simply could not be acceptable, since this would present a significant impact upon the later
hydraulic conductivities of the TM cell monolayers.

For these preliminary tests, filtered and distilled water was used as the perfusion medium. The bare filter supports were
tested alone, no cells had been seeded and grown upon them. Seven filters of each pore size (0.4 and 3.0 um) were tested.
Before the tests began, the pressure transducer was calibrated and zeroed, and then the entire apparatus was assembled. The
pressure monitoring virtual instrument was run, and the pressure was set as close to 5.0 mm Hg as possible. The data
obtained during this setup period was discarded, and the test was then begun. Flow rate measurements were taken every 30
seconds for the duration of the experiment. The 3.0 um pore size filters were perfused for a total of 25 minutes, while the 0.4
pm pore size filters were perfused over a period of 15 minutes.

4.4 0.4 pm Pore Size Filter Cell Culture Medium Perfusion Experimental Protocol

The next step was to determine the average hydraulic conductivity and flow rate when cell culture medium was used as
the perfusate. It would have been a serious mistake to assume that the culture medium would have the same perfusion
characteristics as water. Cell culture medium is actually a complex mixture of a number of biologically active materials,
including a basal culture medium (DMEM) with pH indicator, serum, antibiotics, and antifungal additives.

The most significant impact to the perfusion characteristics would be due to the fetal bovine serum (FBS) that must be
added to the culture medium. This material has a number of protein compounds that maintains the health of the cells, as
other investigators have reported.'®?' Unfortunately, these compounds also have a tendency to bind to any surface that they
come into contact with. Proteins coating the filter surface would lower the average hydraulic conductivity of the filters, as
the flow rate would be hindered by an accumulation of a protein residue around and within the filter pores.

When the filters are used for cellular perfusion studies, they will have been sitting in culture media for some time, in an
incubator. This would provide ample time for any protein coating to take place. Similarly, the filters used in these tests
likewise were incubated in culture medium for at least three days prior to use in order to more accurately replicate this
phenomenon, as was done in Perkins’?*?! and Alvarado’s* test procedures. If this step was omitted and fresh filters had been
used, the flow rate data obtained would have been significantly higher, and completely inaccurate. This would result in a
higher average hydraulic conductivity for the filters, since any protein coating would not have had time to form completely.

Six of the 0.4 um pore size PCF filter membrane supports were used in these procedures. Perfusion pressure was again
kept as close to 5.0 mm Hg as possible, following calibration of the transducer and setup. Flow rate measurements were
taken every 30 seconds. The filter supports were perfused for a total of 20 minutes. During the perfusion tests, the entire
experimental apparatus, with the exception of the data acquisition boards, was housed in a humidified incubator set at 37° C.



4.5 TM Cell Monolayer Perfusion Experimental Protocol

The final, and most important experiment was conducted using a single TM cell monolayer grown in-vitro in the
laboratory. This test, and others that will be performed in the future, was designed to provide baseline perfusion data for the
cell monolayers. The results of these procedures will be used as a basis for comparison against the cell monolayers that will
be tested in the future using laser irradiation or pharmacological stimuli. Three months prior to this experiment actually
taking place, the cells were seeded onto the filter support.

Perfusion of the TM cell monolayer took place following virtually the same protocol as before with the filter supports
alone, with one minor change. Perfusion pressure was again set as close to 5.0 mm Hg as possible after transducer
calibration, and TM cell culture media was used as the perfusion medium. The only difference was the duration of the test.
The TM cell monolayer was perfused for a total of 45 minutes, during which flow rate readings were taken at 30 second
intervals. This was done to examine the long-term stability of the perfusion testing system, as well as the perfusion
characteristics of the cell monolayer. As with the 0.4 pm filter perfusion tests, the entire experimental apparatus with the
exception of the data acquisition boards, was contained in a humidified incubator set at 37°C.

5. RESULTS AND ANALYSIS

5.1 0.4 pm and 3.0 pm Pore Size Filter Water Perfusion Experiments
Before processing of any experimental data could occur, the . ) )
point in time at which the system reached steady state perfusion was 0.4 Micron Filter Perfusion Test #6
required. This steady state perfusion condition was defined as the
period of time during which there is a relatively constant perfusion 5250
pressure, and the standard deviation of the flow rate is constrained to b
within + 10% of the average flow rate value. These specifications 5123 T
were selected solely by the authors of this report, as previous 5000 w\n“v\
accounts have provided no clear definition of “steady state oy
perfusion”.'*!°2  The flow rate data and perfusion pressure plots 4875 At DA St e,
were both carefully analyzed to determine a consistent point at which PR S L o
steady state perfusion was reached for both pore size filter types. 0 5 10
Following this first stage analysis of the data, it was determined Time (Minutes)
that the 0.4 um pore-size filters reached steady state perfusion within
a general time period of 5 minutes, whereas the 3.0 um filters took 3.0 Micron Filter Perfusion Test #6
approximately 15 minutes to reach steady state. To illustrate this, a
typical pressure plot from the respective experimental series
conducted using the different pore size filters is shown in Figures 4 5750
and 5. After this “general” time period had been determined, the 5.500
standard deviation of the flow rate was then divided by the average
flow rate value. This examination was performed in two steps, first 5.250
over the full duration of the experiment, and then using only the “N\\M\ P
estimated steady state perfusion time period that was determined ’ o
using the pressure plots. These figures are included in Table 1, on the 4.750 — | . i
following page. 0 s 10 15 0 z
The flow rate data obtained from the 3.0 pm pore size filter Time (Minutes)
perfusion experiments was highly variable, from a minimum of 6.086
ml per minute to a maximum of 11.276 ml per minute. These
calculations are for the time period after steady-state perfusion is
reached. The degree of variability is extremely high, despite the fact
that the pressure was maintained within + 2%. To illustrate this more clearly, the steady state perfusion flow rate and
pressure data for all of the 3.0 um pore size filter water perfusion experiments is plotted as bar graphs in Figures 6 and 7, on
the following page. In contrast to these results, the flow rate across the 0.4 um filters membranes remained relatively
constant, from a minimum of 0.548 ml per minute to a maximum of 0.672 ml per minute. The flow rate information and
pressure data for all 0.4 pm pore size filter water perfusion experiments during steady state perfusion is illustrated in Figures
8 and 9, also on the following page.
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Figures 4 & 5 - Pressure plots obtained from
water perfusion experiments conducted upon
0.4 and 3.0 um pore size filter supports.
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Table 1 — Overall and steady state water perfusion flow rate data for 0.4 and 3.0 m pore size filter supports.

Test Average Flow  Std. Deviationof  Std. Deviation
Number Rate Over Flow Rate Over Divided by
Full 15 Min. Full 15 Minutes Average Flow
(ml / min) (ml / min) Rate (%)
0.4 micron
1 0.56677 0.03458 0.061
2 0.68548 0.03817 0.056
3 0.62581 0.06695 0.107
4 0.69161 0.10626 0.154
5 0.73290 0.10795 0.147
6 0.66710 0.03304 0.050
7 0.69258 0.07792 0.113
Average Flow  Std. Deviationof  Std. Deviation
Rate Over Flow Rate Over Divided by
Full 25 Min. Full 25 Minutes Average Flow
(ml / min) (ml / min) Rate
3.0 micron
i 13.82157 2.81030 0.203
2 11.79020 3.03575 0.257
3 8.10980 2.23837 0.276
4 11.84314 5.56890 0.470
5 8.83922 3.59275 0.406
6 10.03529 428151 0427
7 12.79608 2.89949 0.227

Average Flow  Std. Deviationof  Std. Deviation
Rate Over Flow Rate Over Divided by
Final 10 Min. Final 10 Minutes  Average Flow
(ml/min) (ml/min) Rate (%)

0.54762 0.02348 0.043
0.67238 0.01065 0.016
0.58524 0.03445 0.059
0.63000 0.04781 0.076
0.66619 0.02903 0.044
0.65429 0.03289 0.050
0.64762 0.03987 0.062
Average Flow  Std. Deviationof  Std. Deviation
Rate Over Flow Rate Over Divided by
Final 10 Min. Final 10 Minutes  Average Flow
(ml / min) (mi/min) Rate
11.27619 0.61482 0.055
9.17143 0.52567 0.057
6.08571 0.56677 0.093
7.46190 0.16176 0.022
6.18095 0.50579 0.082
6.80000 0.43861 0.065
10.25238 0.38498 0.038

Average Pressure Over Final 10 Minutes of Water
Perfusion Sor 0.4 Micron Pore :\‘lzc Filters

Average Perfusion

Filter Test Number

Average Pressure Over Final 10 Minutes of Water
Perfusion for 3.0 Micron Pore Size Fllters
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Figures 6 and 7 — Steady state perfusion
average pressure and flow rate graphs for 0.4
pm membrane filter supports.

Figures 8 and 9 — Steady state perfusion
average pressure and flow rate graphs for 3.0
um membrane filter supports.




5.2 0.4 um Pore Size Filter Cell Culture Medium Perfusion Experiments

As was stated previously, the most important information that was required from this series of experiments was a mean
value for the flow rate of perfusing TM cell culture medium across the filter, which is used in the calculation of the hydraulic
conductivity of the cell monolayers (Qgy;). This mean flow rate was determined to be 0.096 + 0.008 ml/minute. Average
values for the steady state flow rates ranged from a high of 0.122 % 0.007 ml/minute, to a low of 0.072 + 0.009 mV/minute.
Detailed flow rate results from all of these filter perfusion tests are shown in Table 2, below. Note that this table includes the
average flow rates and standard deviations during both the entire 20 minute test period, as well as these same values once the
system reached steady state perfusion. Graphical representations of the mean perfusion flow rates and pressures are shown in

Figures 10 and 11.
In the article by Perkins, Table 2 — Flow rate data from cell culture medium perfusion testing of 0.4 um
the average hydraulic conduc- filter supports.
tivity of the 0.45 um pore size L
HATF filter membranes alone Perfusion Average Flow Std. Deviation of Average Flow Std. Deviation of
Test Number Rate Over Full Flow Rate Over Rate During Flow Rate During
was r‘eported to be 25?9'5 t _3'7 (0.4 pm pore 20 Minutes of Full 20 Minutes Steady State Steady State
“l/mm/n:‘m Hg/ cm-. Th'IS size PCF filters) Perfusion of Perfusion Perfusion Perfusion
number is more than ten times (ml/min) (ml/min) (mi/min) (ml/min)
greater than the average
hydraulic conductivity of the 1 0.110915 0.015297 0.102586 0.008543
0.4 um pore size PCF filters 2 0.084329 0.021265 0.072328 0.008887
3 0.096625 0.018858 0.086786 0.009643
tesw‘.i here, at 4'45;7 £0.375 4 0.128750 0.013325 0.121786 0.006521
ul/min/mm Hg/em®. The 5 0.114854 0.014252 0.107500 0.009186
difference in the pore sizes, 6 0.093476 0013771 0.085948 0.005362
0.45 um for the HATF filters
and 0.4 um for the PCF filters Mean of Average  Mean Std. Dev. Mean of Average ~ Mean Std. Dev.
could not account for such a Flow Rate Over  of Flow Rate Over Flow Rate During  Flow Rate During
signiﬁcant discrepancy, 0 Full 20 Minutes Full 20 Minutes Steady State Steady State
focus shifted to the compo sition of Perfusion of Perfusion Perfusion Perfusion
(ml/min) (ml/min) (ml/min) (ml/min)
of the filters themselves. It was 0.104825 0.016128 0.096156 0.008024

finally determined that the
difference in the porosity of the two filter types was the cause. In a personal communication with a Millipore technical
representative, it was found that the mixed cellular ester-based HATF filters used by Perkins and Alvarado had a porosity of
roughly 80%, whereas the PCF filters used here had a porosity range from 10 to 20%. Nevertheless, testing continued using
the PCF filters, because a mean perfusate flow rate using culture medium had been determined, which is all that was called
for to perform cell monolayer hydraulic conductivity calculations.

5.3 TM Cell Monolayer Perfusion Experiment

Referring to the previous account by Perkins'® the average hydraulic conductivity of 15 TM cell monolayers was
determined to be 1.1 £ 0.1 pl/min/mm Hg/cm? during steady state perfusion. Alvarado later reported that intact monolayers
have hydraulic conductivity values between 0.3 and 2.0 pl/min/mm Hg/cm®* The result obtained using the current
perfusion system compares well with these values with a steady state average hydraulic conductivity of 0.673 + 0.076
uV/min/mm Hg/cm?®. The average perfusate flow rate during this time was determined to be 0.013 % 0.001 ml/min, while the
average perfusion pressure was 5.444 + 0.033 mm Hg. The graphs for the steady state perfusion pressure, flow rate, and
hydraulic conductivity are shown in Figures 10 — 12 on the following page.

Two observations can be noted from simple examination of the graphs. First, the pressure plot during perfusion testing
displays an overall increasing trend. At present, this phenomenon cannot be accounted for. Further perfusion tests should
determine whether this is simply an anomalous occurrence or not. Secondly, the trend for the flow rate of perfusing medium
across the TM cell monolayer, and therefore the hydraulic conductivity of the monolayer is increasing throughout the 45
minute duration of the experiment. As with the pressure plot, later baseline perfusion experiments will determine whether or
not this is a consistent trend. Also of interest, note how the flow rate and hydraulic conductivity plots follow the same, exact
pattern. This is due to the equation used to calculate the hydraulic conductivity (Lp), in which Lp is directly related to the
perfusate flow rate (Q).

"
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Steady State Perfusion Pressure Plot for TM Endothelial Cells Steady State Perfusion Flow Rate Plot for TM Endothelial Cells
Grown on a 0.4 Micron PCF Filter Support Grown on a 0.4 Micron PCF Filter Support
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6. CONCLUSIONS
1 00 —— e it
[
From the results of the preliminary TM monolayer | 3
baseline perfusion experiment, is has been ascertained that i s
the proposed in-vitro perfusion testing system is a viable | £3
method by which to evaluate TM cellular hydraulic i i L e R R
conductivity. The value for the steady state hydraulic | $=
conductivity of the cell monolayer tested, at 0.673 + 0.076 i 128 e
uV/min/mm Hg/cm?, falls well within the expected range that :
was reported previously by other investigators.'®'** )00
Additionally, as was shown in the results, it is believed that 300 600 900 1200 1500 1300 2100 2400 2700
this conclusion will hold true regardless of the type of filter Time {seconds)
membrane used to support the cells, provided that the steady | —— Hydraui Condwcmty Plor — Poly. (Hydrauhc Conductity Ploy)
state perfusion flow rate through the filter is known or can
be determined through perfusion testing. Despite the fact | Figures 10-12 — Steady state pressure, flow rate, and
that there is a tenfold difference in the calculated hydraulic | hydraulic conductivity graphs with trendlines for TM
conductivities between the PCF filter supports used in the cell monolayer perfusion experiment
current model and the HATF filter supports used previously,

the outcome for the hydraulic conductivity of the cells grown upon them is virtually the same. It has yet to be determined if
the cells that were used in the preliminary test were in the ideal stage of growth and development for perfusion studies.
Further growth and perfusion experiments, followed by further microscopic evaluations are required to determine what
period of time following cell passage will be necessary to form a complete, healthy monolayer.

7. FUTURE WORK

There is still much testing and some further validation that must be done before laser irradiation of the TM cells during
perfusion can be attempted. First and foremost, several new cell monolayers must be grown to confluence upon the 0.4 um
pore size PCF filter membranes and evaluated to obtain additional baseline cellular hydraulic conductivity measurements. A
new series of trials will also be conducted using cells at 1.5, 2.0, 2.5, and 3.0 months following passage to determine at what
“age” the cells are best suited for perfusion testing. It is our intention to test TM cell monolayers within 1 week after the
cells have completely covered the filter support with a confluent monolayer. Morphologic evaluations will be performed
using conventional phase contrast light microscopy, but it is hoped that evaluation using both a scanning electron microscope
(SEM) and a transmission electron microscope (TEM) will be possible as well. There is also a recognized need to conduct
spectrophotometric evaluations of the TM cell culture medium to determine what effect, if any, the proteins will have upon
laser energy absorption while perfusion is underway.

After these tests are complete, TM cell monolayers will be exposed to some of the same pharmaceuticals that were used
by both Perkins?' and Alvarado® in their studies. The response of the cells to these stimuli have been reported, and will
therefore be used as additional validation of the applicability of the proposed perfusion system for laser-TM tissue interaction



studies. Some of these drugs include: cytochalasin B, epinephrine, isoproterenol, cyclic AMP, and timolol. Additional
compounds found in common anti-glaucoma medications may also be attempted, to determine what effect, if any, they have
upon the TM cells.

Once these experiments have been completed, the experiments for which the perfusion testing apparatus was originally
intended can be conducted. TM cells will once again be harvested and grown in-vitro, passaged onto filter supports, and
allowed to grow to confluence. The monolayers will be placed in the apparatus, and perfused for approximately 30 minutes
to obtain baseline measurements. After this time has passed, the entire cellular monolayer will be irradiated using either an
Argon or a diode laser. The time of exposure and power will be the variable parameters in this series of trials, as the ideal
laser energy dose required to optimize cellular hydraulic conductivity at clinically used laser wavelengths will be sought.

The authors thank the members of the Ohio Lions Eye Research Foundation for their sponsorship of this project.
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ABSTRACT

Purpose. The goal of the study is to measure the group refractive index of the human cornea in vifro to improve the
accuracy of corneal thickness measurements. Methods. Corneal buttons were trephined from 23 human cadaver eyes and
the group refractive index of the cornea was measured at A = 840 nm using a low-coherence Michelson interferometer and
the technique proposed by Sorin and Gray (Phot. Tech. Lett. 4:105-107, 1992). The effect of dehydration on the
measurement was studied by measuring the corneal optical thickness as a function of time. Reglts, Preliminary
measurements of the group refractive index at 840 nm gave n, = 1.450 +/- 0.024 for the human cornea, which is much
higher than a calculated group refractive index of n, = 1.387. Because of dehydration, the optical thickness of the cornea
decreased at a rate of 5.5 um/min which led to an artificially high value for the group refractive index. Conclugion. The
calculated group refractive index of n, = 1.387 appears to be an accurate value for the purpose of corneal thickness
measurements using low-coherence interferometry, and corneal group refractive index measurements can be performed in
vitro if the measurements are performed rapidly to avoid the effect of dehydration.

Keywords: cornea, refractive index, low-coherence interferometry
1. INTRODUCTION
1.1 Corneal thickness measurements

Exact measurement of corneal thickness is needed in many clinical situations, including the diagnosis of several
disorders, such as corneal degenerations, endothelial dysfunction, and stromal dystrophy, as well as for the assessment of
corneal refractive surgery. Since the comea produces 70% of the refractive power of the eye, small changes to corneal
shape can have a large effect on the focal length of the eye. In radial keratotomy, incisions are made in the stroma to within
10 um of Descemet's membrane, so a precision of better than 10 pm is needed. In photorefractive keratectomy, the cornea
is reshaped by ablation with a laser. For correcting 10 D of myopia, 90 pum of stromal tissue must be removed from the
center of the cornea in a 5 pm diameter treatment zone'. To investigate the effect that new contact lenses have on patients,
the swelling of the cornea resulting from edema must be measured.

Currently, measurements of corneal thickness are performed with the optical slit-lamp pachometer or with
ultrasound pachometers. Optical slit-lamp pachometers measure the central corneal thickness with a precision of about 13
pum, but there is large interobserver and interinstrument variability’. Ultrasound pachometers have been reported to have a
precision of 5 pm’, but interobserver variability is poor and the devices require mechanical contact with the cornea,
resulting in discomfort, and possibly infection for the patient. Since ultrasound pachometers measure the time it takes for
an acoustic pulse to return to a detector, a somewhat arbitrary value for the velocity of sound in corneal tissue (v = 1640
nVs) is used to calculate the thickness. This value depends on the relative concentrations of water and collagen, and as the
level of hydration in the cornca changes, the actual velocity changes as well, inducing an error in the thickness
measurement.
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Recently, a new optical technique based on low-coherence interferometry has been developed for the measurement
of corneal thickness’. Low-coherence interferometry has been used to measure the axial eye len ® and corneal
thickness®. It has also been developed into a new imaging technique called optical coherence tomography (OCT)’. OCT
uses a low-coherence interferometer with a lateral scanning system so that cross-sectional images of structures can be
obtained.

Low-coherence interferometry is advantageous for corneal pachometry because it offers excellent accuracy, it is a
noncontact technique, and it allows for fast, repeatable measurements. However, this new technique suffers a drawback
similar to ultrasound. Interferometry measures the optical thickness of the sample, which is the product of the physical
thickness and the group refractive index of the sample. A value for the group refractive index of the cornea has not been
published in the literature, so an approximate value has been used.

1.2 Group refractive index

The velocity of light, v, in an optical material is wavelength dependent. This phenomenon is known as dispersion,
and because of it, the refractive index (7 = ¢/, where ¢ is the speed of light in vacuum) of a material depends on the
wavelength as well. When a source with a broadband spectrum (low-coherence source) is used to make optical
measurements, each spectral component travels at a different velocity, and therefore, sees a different refractive index. The
velocity of propagatlon for a group of lightwaves of different wavelengths over a narrow band is called the group velocity,
Vg, and is defined as®

v, =— )

where ® is the angular velocity of the corresponding propagation constant, k.

v One can show that the group velocity corresponds to an equivalent refractive index, called the group refractive
index, n,, which is related to the refractive index, n, and the mean wavelength, Ao, by

ny () == = —) .
R o)
n(0) dA

In low-coherence interferometry, the optical thickness measured is actually the product of the group refractive
index and the geometrical thickness. In previous studies™ * °, the group refractive index of the cornea was calculated using

the known refractive index of the cornea at A = 550 nm (n = 1.376), and the dispersion curve for water, since it is the
primary component of the cornea, giving n,= 1.385 at A, = 855 nm.

1.3 Application to corneal pachometry

Low-coherence interferometry can be used for making thickness measurements of the cornea if one of the mirrors
in the interferometer is replaced with the cornea. Because of the difference between the refractive index of air, or the
aqueous humor, and the cornea reflections are seen at both the front and back surfaces of the comea. As the arm length
difference of the interferometer changes by translating a reference mirror in the other arm, interference intensity peaks are
seen when the optical path length difference between the reference mirror and the corresponding surface of the sample is
less than the coherence length of the source (Figure 1). The distance that the reference mirror was translated between the
detected interference peaks, is the optical thickness of the sample. The geometrical thickness is determined by dividing the
optical thickness by the group refractive index.
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Figure 1: The interference signal seen with a low-coherence interferometer and its visibility curve .

1.4 Objective

Thickness measurements using low-coherence interferometry depend on accurate knowledge of the group refractive
index at the measurement wavelength, much as ultrasound measurements depend on the velocity of sound in the medium of
interest. The group refractive index for the cornea has not been previously measured, but a somewhat arbitrary value based
on the refractive index at A = 550 nm, and the dispersion curve of water has been calculated and used to determine the

As the measurement of corneal thickness by low-coherence interferometry is dependent upon the group refractive
index of the cornea and the spectral characteristics of the light source used, the primary goal of this study is to measure the
group refractive index of the cornea. With this information, more accurate measurements of corneal thickness will be
possible.

2. MATERIALS AND METHODS

2.1 Light source

The short coherence length (broadband) source used for the low-coherence interferometer was a semiconductor
emitter called a superluminescent diode. An SLD has characteristics which combine the advantages of a laser diode and a
light-emitting diode; a high radiant output and low coherency. The SLD used in the interferometer (L-3302, Hamamatsu
Corp., Bridgewater, NJ) had a maximum output power of P, = 3.0 mW with a forward current of 100 mA, a mean
wavelength of A, = 840 nm, and a specified typical coherence length of /.= 50 um.

2.2 Michelson interferometer

The experimental setup (Figure 2) for performing the optical measurements was a Michelson interferometer. Two
light sources were used to illuminate the interferometer, a superluminescent diode (SLD) to perform the measurements, and
a red laser diode (A = 635 nm, P, = 5SmW) for alignment since the SLD emits in the near-infrared. These two sources were
coupled into an optical fiber for delivery to the interferometer. The output of the optical fiber was collimated, and then split
by the beam splitter. After reflection at the two mirrors of the interferometer, the two beams were recombined at the beam
splitter, focused onto a detector, and the interference signal was viewed with an oscilloscope. The reference mirror, AM;, was



mounted on a piezo-electric transducer to increase the sensitivity of the instrument, and was translated with a precision
micrometer.
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Figure 2: Low-coherence Michelson interferometer setup for measuring group refractive index.

2.3 Measurement of thickness and group refractive index

The thickness and group refractive index of a transparent sample can be determined by measuring two different
properties of the sample, the optical thickness and the optical shift. The optical thickness of a transparent sample can be
measured by placing the sample in the measurement arm of the interferometer (Figure 2). Fresnel reflection occurs at both
the front and back surfaces of the sample. As the light waves associated with each of the reflections combine with the light
wave from the reference arm (mirror M), an interference signal is seen (Figure 1) when the optical path difference is less
than the coherence length of the source. The interference signals corresponding to each surface of the sample are detected
by translating the reference mirror along the axis to the points where a maximum interference intensity is seen. For the
case of a single transparent sample, two interference peaks are seen, with the distance traveled by the reference mirror
between the peaks corresponding to the optical thickness of the sample. With the low-coherence interferometer, the
measured optical thickness (n,f) is the product of the group refractive index and the geometrical thickness of the sample.

The optical shift is the difference between the optical thickness and the geometrical thickness of the sample, and is
given by

I=(nt)-t. 3)

Tt is measured by replacing the sample with a mirror, and translating the reference mirror so that interference occurs
between the two waves associated with the reflections at the two mirrors. This is the point of zero path length difference,
and here the interferometer is said to be balanced. If the same transparent sample, whose optical thickness is known, is
placed in the beam of the measurement arm (Figure 2), the interference signal from the reflection at mirror M, is shifted
backward a distance corresponding to the difference between the optical thickness and the geometrical thickness of the
sample, which is the optical shift.

With Eq. (3), and the optical thickness of the sample (n,f), the geometrical thickness (f), and the group refractive index (ng)
can be determined using

t=(n0)-1, )
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In order to decrease the time it took to measure both the thickness and group refractive index, the two
measurements required for determining the thickness and group refractive index were made simultaneously'®. Like for the
scparate measurements, the interferometer is first balanced (zero-path length difference between the arms). The sample is
placed in the measurement arm of the interferometer, the reference mirror is translated backward, and the optical shift (ns-
f) is measured as before. If the sample is placed close enough to mirror M; (Figure 2), the optical thickness (n,f) can be
measured by translating the mirror forward to detect the reflections at the front and back surfaces of the sample, and
interference peaks like the ones in Figure 3 are seen .

’
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Figure 3: Interference peaks detected during simultancous measurement of optical thickness and optical shift. The left
peak is due to the reflection at the front surface of the sample, the middle peak is due to the back surface of the sample, and
the right peak is due to the reflection at the reference mirror behind the sample.

3. RESULTS
3.1 Transparent window thickness and group refractive index measuremsent

Measurements were made with the interferometer on transparent calcium fluoride (CaF,;) windows to test the
accuracy and repeatability of the interferometer. In addition, a precision micrometer was used to make thickness
measurements and dispersion curves available in the literature were used to calculate the group refractive index of the
materials. The calculating values served as a reference for comparison with the interferometer measurements. The group
refractive index was calculated from Eq. (2). At A = 840 nm, the calculated phasc refractive index of CaF,, is n = 1.430,
while its group refractive index is n; = 1.438. The geometrical thickness of the window was measured with a8 micrometer to
bet= 1218 +/- 5 pm.

The measurements performed with the low-coherence interferometer gave a thickness of £ = 1214 +/- 8 um and a
group refractive index of n, = 1.440 +/- 0.004, which are close to the expected values.

3.2 Corneal thickness and group refractive index measurement

The corneas were prepared from fresh donor eyes provided by the Florida Lions Eye Bank by injecting the posterior
chamber with a 15 % Dextran solution using a 27 gauge ncedle. The epithelium was gently scraped off with a blade, and
the eye was dehydrated by immersing it in a 15% Dextran solution for 1 hour. After the cornea was dehydrated, it was
trephined with a custom built 16 mm trephine and fixed in a holder for measurement. The trephine removed the entire
cornea with an intact 1 mm rim of sclera, and the holder was designed to maintain the natural shape of the cornea.

The thickness and group refractive index of the cornea were measured on six cadaver eyes. The interferometer was
first balanced (zero path length difference between the arms) without any sample. Then, the corneal sample was placed in
the interferometer, and the optical shift was measured by translating the reference mirror backward to detect the reflection
from the mirror placed behind the cornea. Because the corneal mount maintained the curvature of the comea, the



collimated beam that was used to measure the optical shift had to be focused onto the cornea, otherwise, it would be
divergent after reflection at the curved surface. So, after the optical shift was measured, a positive lens (f = 20 mm) was
placed in measurement arm to focus the beam on the anterior surface of the cornea, with a depth of focus of about 20 um.
Then, the reflected beam was aligned with the beam from the reference mirror, and the optical thickness was measured by
translating the reference mirror in the opposite direction to detect the reflections from the posterior and anterior surface of
the cornea. :

Six cadaver corneas were measured. The average group refractive index measured was 1.450 +/- 0.024 with a
range from 1415 to 1.475. These values are significantly larger than the calculated value of 1.385 used by previous
researchers’.

3.3 Variation of corneal measurements with time

Because of the large variability in the preliminary measurements, the effect of corneal dehydration on the
measurement was studied. The corneal optical thickness (n,f) and the optical shift (n.f - f) as a function of time was
measured for 17 eyes. The measurements were performed separately to see how each measurement varied with time. 9 eyes
were measured for the optical shift and 8 eyes were measured for the optical thickness. Measurements were made each
minute for 15 minutes. A linear regression was performed on each eye to determine the rate at which the corneal
measurement changed. The optical shift decreased at a rate of 1.60 +/- 0.56 pm/min, and the optical thickness decreased at
a rate of 5.53 +/- 1.21 pm/min.

3.4 Discussion

Since the group refractive index of the cornea had not been measured, Drexler, et. al.?, calculated a value based on
the dispersion curve of water (n, = 1.385 at A = 855 nm). This value was confirmed by plotting corneal refractive index
data available in the literature and fitting it with the dispersion curve of water. We were able to find only one paper that
contained data for the corneal refractive index at several wavelengths, and it was for the rabbit cornea'’. Assuming that the
relative concentrations of water and collagen in the rabbit cornea are within the natural variability of the human cornea, the
rabbit cornea refractive index data from Tagawa'! were used to establish an approximate dispersion curve for the cornea.
Using this curve, the group refractive index was calculated at our SLD's mean wavelength (A = 840 nm) to be n, = 1.387

The measurements of the cornea as a function of time revealed that the changes that are occurring in the cornea are
nearly linearly dependent on time (Figures 5 and 6). If the change in corneal thickness with time is indeed linear, and the
rate of this change is consistent between eyes, then the average slope of the lines can be used to correct for errors that are
introduced into the measurement by performing it over a long range of time. On the assumption that the rates of change for
the two measurements (the optical shift and optical thickness) are proportional, the time period of concern is the time in
between measuring the optical shift and measuring the optical thickness. If the two measurements were performed at
exactly the same time, they should return an accurate reading of the thickness and group refractive index at that time. But,
as the time between the two measurements increases, the error does as well.

To demonstrate this, consider a hypothetical cornea of thickness £ = 500 pum, and group refractive index n, = 1.385.
The corresponding optical thickness is n,f = 693 um, and optical shift is n,f - £ = 193 pm. Since, the first measurement
performed is the optical shift, and it is made immediately after the cornea had been mounted, the optical shift is at its initial
value of ngt - t = 193 yum. The optical thickness would be decreasing at a rate of approximately 5.5 pm/min, so if the
measurement takes 5 minutes to perform, the optical thickness would be measured as n,t = 665 um. Using Egs. (4-5) to
calculate the thickness and group refractive index as before, the results give = 472 um and n, = 1.408. After 10 minutes,
the measured thickness and group refractive index is = 445 um and ng = 1.434,

It appears that this is the dominant factor in the measurement error for the thickness and group refractive index.
The measurements can be corrected to a certain extent, but the only way to measure the group refractive index accurately is
to perform the measurement very rapidly, using a computer controlled system to axially scan the reference mirror.

19




20

4. CONCLUSIONS

A low-coherence interferometer was constructed to measure corneal thickness and refractive index and was tested
for accuracy and repeatability using transparent windows. As the thickness that is measured using low-coherence
interferometry depends on the group refractive index, the measurement of it was the primary goal of the study. To the best
of our knowledge, these were the first measurements of corneal group refractive index.

The group refractive index was measured on 6 comneas and resulted in a value of n, = 1.450 +/- 0.024. This is
much higher than the expected value, n, = 1.387 at A = 840 nm, based on the phase refractive index of the comea, n =
1.376 at A = 550 nm, and the dispersion curve of water, since this is the primary component of the cornea. It was suspected
that the large value measured for the group refractive index was due to changes in the thickness of the cornea because of
dehydration during the measurement. The optical shift and optical thickness—the two measurements necessary to
determine the thickness and group refractive index-—were measured as a function of time, revealing a linear dependence.
The average rate of change for the corncal measurements was used to consider the effect of dehydration on the
measurements, which appeared to be the dominant factor in the error.

Based on the results of the experiments, several conclusions can be drawn from this study. It appears that the value
for the comeal group refractive index (n, = 1.385) used by previous researchers’ is a good approximation. This is also
confirmed by the measurements by others on rabbit corneal refractive index in vitro''. Also, low-coherence interferometry
as a technique, is good for performing in vitro group refractive index and thickness measurements on the cornea, if they are
performed rapidly.
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ABSTRACT

Recently comeal autofluorescence has been proposed as an ocular diagnostic tool for diabetic retinopathy. The method is
based on the sensible increase of the natural fluorescence of comeal tissue within specific wavelength in presence of early
stage of diabetic retinopathy. The main advantages of this method are that the comeal autofluorescence has been
demonstrated to be not age-related and that the comea is readily accessible to be investigated. In this study 47 insulin-
dependent diabetes mellitus and 51 non-insulin-dependent diabetes mellitus patients aged 20-90 years have been considered.
Patients were selected from the Eye Clinic of S. Raffaele Hospital. The modified Airlie House classification was used to
grade the diabetic retinopathy. Corneal autofluorescence has been measured by using both a specifically designed
instrument and the Fluorotron Master. Comeal autofluorescence mean value for each diabetic retinopathy measured by
using both the instruments correlated with the retinopathy grade.

Keywords: Comeal autofluorescence, diabetic retinopathy, ophthalmic instrument

1. INTRODUCTION

Several diagnostic techniques, based on direct evaluation of the natural fluorescence of ocular tissues, have been
proposed for diagnosis of ocular pathologies. In particular, retinopathy diagnosis through corneal autofluorescence (AF)
measurements has been recently proposed as innovative diagnostic tool!-2,

Corneal tissue contains pyridine nucleotides (Aex=366 nm, Aey=450 nm) and flavoproteins (Aex=450 nm, Aep=550
nm) distributed uniformly across the corneal tissues. These fluorophores supposedly determine AF characteristics of the
corneal tissue. In general, no marked change in AF intensity with age in healthy subjects are observed. In contrast
modification in intensity and possibly spectral characteristics have been observed with some types of pathologies. Such
is, in particular, the case of diabetic retinopathy (DR)!. Comeal AF can be also combine with other innovative diagnostic
techniques such as dynamic light scattering of the vitreous to improve the quality of the DR diagnosis>.

Presently, diagnosis of ocular diseases through comeal AF is mainly performed by using fluorophotometers, suitably
modified with anterior chamber adapters. The peak fluorescence of the comea, or the area subtended by the corneal area, is
taken as the quantity of interest to be correlated to the degree of DR. From clinical studies performed on populations of
diabetic patients of different degrees of DR, it has been demonstrated that comeal AF is indeed a reliable marker for this
kind of disease!?2,

A collaboration between our group, the Ophthalmic clinic of S. Raffaele hospital and the Ophthalmic clinic of Leiden
University led to develop and test a simple corneal fluorometer (CF) for DR screening based on corneal AF4. In the
present study, corneal AF has been measured using this CF and a commercial scanning fluorometer (FM, Fluorotron
Master, Coherent Radiation, Palo Alto, CA). Forty-seven insulin-dependent diabetes mellitus (IDDM) and fifty-one non-
insulin-dependent diabetes mellitus (NIDDM) patients aged 20-90 years have been considered. Patients were selected from
the Eye Clinic of S. Raffaele Hospital. The modified Airlie House classification has been used to grade the DR. Corneal
AF of this patient group has been measured by using both CF and FM, and the obtained results have been compared.
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2. MATERIAL AND METHODS

2.1 Corneal autofluorescence

The corneal epithelium and the endothelium contain pyridine nucleotide and flavoproteins. The pyridine nucleotide
shows fluorescence in the reduced state whereas flavoproteins fluorescence in the oxidated form. The accumulation of these
fluorophores in diabetic cornea related to the duration of diabetes cannot adequately explain the increased AF in patients
with DRS. Two speculative explanations are so far been reported, (i) the vascular component of DM causing specific
microangiopathy and consequently progressive retinopathy may induce a metabolic disorder resulting in an increase of the
corneal AF or (ii) neovascularisation mediating substances produced in the retina with retinopathy and inducing
neovascularisation of the iris may reach the cornea as well and consequently induce changes in the comneal metabolism
resulting in increased value of AF!. Nevertheless experimental investigations report a modification in AF intensity with
DR and ocular surgery such as penetrating keratoplasty (PKP)!2.

Comeal AF can be measured by a simple noninvasive technique, without discomfort to the patient and, using the
dedicated CF, it can be measured by non-specialized personnel in few seconds.

2.2 Subject selection

Forty-seven IDDM and fifty-one NIDDM patients aged 20-90 years have been considered. Patients were selected from the
Eye Clinic of S. Raffaele Hospital. Great care was taken to select patients with normal aspect of all cornea layers assessed
by slit lamp examination. Individuals with contact lenses were excluded.

Patient age distribution is uniform as shown in figure la.

The modified Airlie House classification was used to grade the DR according the following four grades:

Grade 1. No or negligible retinopathy; at most two microaneurysms per field.
Grade 2. Minimal background retinopathy; three or more microaneurysms per field only.

Grade 3. Background proliferative retinopathy; microaneurysms and one or more of the following items: retinal
haemorrhages, hard or soft exudated and/or interetinal microvascular abnormalities (IRMA), venous beading.

Grade 4. (Pre-) proliferative retinopathy; hacmorrhages and microaneurysms, and the following features present in more
than 2 field: soft exudates, IRMA, venous beading, and/or new vessel and fibrous proliferations, and/or vitreous
haemorrhages.

After visual inspection by slit lamp, the patients have been graded according figure 1b.

2.3 Instrumentation and measurements

Comneal AF has so far been measured by using commercial scanning fluophotometers such is the FM. However these
instruments are expensive, not specifically design to detect corneal AF and not easy to use. To overcome all these
problems we designed a simple, compact and inexpensive CF to measure comeal AF.

In the present study corneal AF has been measured by using both the CF and the FM. FM was suitably modified with
anterior chamber adapters in order to scan only cornea and lens. The peak intensity of the comeal scan was taken as the
quantity of interest to be correlated to the degree of DR. Three comeal AF measurements by using the CF were performed
from each eye just after FM examinations. The average value of the results were calculated. An extensive description of the
CF is presented in the paper 3246-05 of the present conference proceeding, nevertheless the working principle of the
instrument can be briefly explained by referring to figure 2. The excitation light from two Blue LEDs passes trough a
suitable set of barrier filters and impinges tangentially the patient cornea. The excitation light so obtained has a spectrum
included between 450 and 500 nm. The fluorescence light from the comea is collected axially using a camera objective. A
suitable set of emission filters select the wavelengths of interest. The fluorescence light is then converted to an electric
signal by a photomultiplier tube (PMT). The current signal at the output of the photomultiplier tube is processed using a
custom front-end electronics and an appropriate data analysis. The tangential excitation minimizes both the excitation light
that reaches directly the photomultiplier tube and the amount of excitation light that reaches the patient lens; this feature
ensures that the contribution of the lens AF is minimized. The AF data was recorded in sixteen measurement cycles of 200
ms during a period of 10 seconds, and then the average value has been considered.
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Figure 1. Distribution of the patients number as a function of a) the patients age and b) the retinopathy grade. Both
distributions are almost uniform.
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Figure 2. Principle scheme of the corneal fluorometer.

3. RESULTS AND DISCUSSION

Table I and figure 3 summarize the mean and standard error (SE) of the corneal AF in each retinopathy grade. An
average increase of about 50.7% of the comeal AF between patients with negligible DR grade 1 and with proliferative DR
grade 4 was observed using the CF and of about 28.8% using the FM. Mean values of AF detected by the FM increase
monotonically with the grade of DR whereas using the CF DR grade 3 exhibits a mean value of AF lower than DR grade
2. Despite the CF measurements exhibit higher standard errors than the FM measurements, the ratio between mean SE and
average increase of the corneal AF between grade 4 and grade 1 is similar for both the instruments.



Table T and figure 4 summarize the mean and standard error (SE) of the comeal AF in each retinopathy grade obtained
considering exclusively IDDM patients. An average increase of about 95.8% of the corneal AF between DR grade 1 and
DR grade 4 was observed using the CF and of about 86.4% using the FM. Mean values of AF detected by the CF increase
monotonically with the grade of DR whereas using the FM DR grade 4 exhibits a mean value of AF lower than DR grade
3.

Comparing the results reported in Table I and Table I, it can be noted that IDDM patients with DR grade 1 exhibit a
lower corneal AF than the average of the whole considered population. This effect, observed by using both the
instruments, allows a better discrimination between patients with no or negligible DR and other grades of DR.

Confirming results reported in literature!® no significant dependence of comeal AF from patients age and diabetes
duration has been observed, the correlation coefficients between corneal AF, patients age and diabetes duration were 0.17
and 0.093 respectively. Corneal AF values of right and left eyes were found to be correlated in each retinopathy grade.

As shown in figure 5, excellent correlation between CF and FM measurements has been observed, that confirming the
efficiency of our simple CF.

4. CONCLUSIONS

The present study demonstrates that corneal AF could be efficiently used for an early diagnosis of DR. High sensitivity
and specificity could be obtained from corneal AF by fixing a proper threshold to discriminate negligible (grade 1) to
pathological DR (grade 2-4). The diagnostic method is more efficient on IDDM patients, whereas no significant
dependence of comeal AF from patients age and diabetes duration has been observed. The high correlation between corneal
AF measurement obtained from CF and FM proves the good performance of our dedicated CF. Such a system would have
a large impact in the prevention of blindness as a result of DR.
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Table I: Mean and standard error of the corneal AF for each retinopathy grade measured on the whole patient group.

Corneal fluorometer Fluorotron Master
. Mean value Relative Mean value Relative
Retnopathy (AU, Standard Exror % (ng.eq./mI) Standard Exror %
1 0.647 12.3 15.760 7.7
2 0.808 14.8 15.840 5.5
3 0.790 10.1 19.610 9.8
4 0.975 10.2 20.300 6.0
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Table II: Mean and standard error of the corneal AF for each retinopathy grade measured on IDDM patients.

Corneal fluorometer

Fluorotron master

. Mean value Relative Mean value Relative
““3‘&5‘;‘“" (AU) Standard Error % (ng.eq./ml) Standard Error %
1 0.478 20.9 11.327 22,6
2 0.782 17.9 16.237 5.7
3 0.845 20.1 22.062 14.2
4 0.936 13.8 _ot10s | 9.
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Figure 3. a) Corneal fluorometer (CF) and b) Fluorotron Master (FM) readings as a function of the retinopathy grade
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Figure 4. a) Corneal fluorometer (CF) and b) Fluorotron Master (FM) readings as a function of the retinopathy grade
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ABSTRACT

An optical instrument for in-vivo corneal autofluorescence measurements in the human eye is described. This
instrument measures corneal autofluorescence without burden to the patient. The corneal tissues are excited
tangentially by wavelengths in the spectral region of 450-500 nm and the fluorescence emitted by the corneal tissue
passing through a suitable set of barrier filters is collected by a miniature photomultiplier. Autofluorescence data are
recorded in sixteen measurement cycles during a period of 10 seconds and the average value has been considered. The
instrument demonstrates good safety characteristics.

Keywords: Corneal autofluorescence, diabetic retinopathy, ophthalmic instrument, cornea.

1. INTRODUCTION

Early detection of the onset of diabetic retinopathy (DR) in diabetic patients is of crucial interest in health care, as
this type of ocular disease is one of the main causes of blindness in the western world.!” Detecting DR in time, in most
cases, postpones or even prevents the onset of blindness through a timely start of laser therapy.* Recently, it has been
shown that the autofluorescence of the corneal tissue within specific wavelength regions is sensibly increased in the
presence of diabetic retinopathy.® This is of particular relevance since (i) the cornea is readily accessible to
investigation, and (ii) corneal autofluorescence, in contrast to the lens autofluorescence,’ is not age-related in non-
diabetic subjects.”

Although the nature and the exact excitation/emission wavelength ranges of the fluorophore(s) of interest are still
subject of investigation, the use of corneal autofluorescence as an indicator of DR in early stages is promising.>’°
Following the initial investigations, it was thought that a very simple, compact and low-cost instrument designed to
measure changes in corneal autofluorescence could be of great interest for the public health care. Such a system would
have a large impact in the prevention of blindness as a result of diabetic retinopathy, since its low cost and simplicity
of use would allow its diffusion among ophthalmologists and even general practitioners.

We present a novel measuring apparatus developed in our laboratories, for the measurement of corneal
autofluorescence. The system performs the measurement of the autofluorescence of the cornea over a suitable
excitation and emission range. The prototype is based onto a photographic camera equipped with a fluorescence
excitation adapter for the tangential illumination of the corneal tissue, with appropriate excitation and barrier filters,
and with a photomultiplier in the image plane of the camera for the detection of the emitted fluorescence. To minimize
the contribution of the much higher fluorescence of the underlying crystalline lens, special geometry and measurement
procedures have been expressly designed. This paper describes in detail the instrument developed, and reports on its
characterization, and on a preliminary session of tests on volunteers to assess its potential.

SPIE Vol. 3246 e 0277-786X/98/$10.00



2. DESCRIPTION OF THE SYSTEM

The portable corneal fluorometer is described with reference to the block diagram of Fig. 1.a. The instrument is
basically composed of (i) a modified photographic camera (Pentax Reflex camera K1000, lens 50mm f/2) equipped
with a flexible bellows. A special adapter is mounted onto the camera lens to include all light sources for the excitation

of the fluorescence, plus additional light sources.

Comneal Adapter Bellows

Earphone

Fig. 1.a: General layout of the portable fluorometer.

The optical head of the portable corneal fluorometer is described with reference to Fig. 1.b. The excitation light
sources consist of six blue LEDs (470 nm, 7-14 mcd). The outcoming LED light emitted parallel to the optical axis of
the camera, passes through a set of wide-band interference filters that select only the wavelength region of interest for

Eye lens
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——Blue LEDs
IR LED
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Prism Shutter
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Fig. 1.b: Detailed view of the optical head (on scale).
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corneal excitation. It is then deflected by a total internal reflection prism and is used to illuminate the cornea
tangentially at the left and right side of the eye. Exciting the cornea tangentially is necessary for the following reason.
The fluorescence emitted by the cornea is very weak, when compared to the much higher fluorescent emission of the
underlying crystalline lens, with largely overlapping excitation and emission spectra. Therefore the tangential
excitation has the purpose of minimizing the amount of excitation light that reaches the lens (Fig. 1.b).

The fluorescence emission passes through a suitable set of barrier filters and is imaged by the camera lens (f/2)
onto the photosensitive area of a miniature photomultiplier (Hamamatsu Mod. HC120), fixed at the back of the
camera. In addition to the blue light sources, 16 green LEDs are mounted on a ring onto the illumination adapter (Fig.
1.b). They help the operator to correctly position the eye within the field of view of the Reflex camera objective. An
additional purpose is to force the closure of the iris of the target eye, to further reduce excitation of fluorescence of the
ocular lens. The green LEDs are turned off immediately before the measurement of the green fluorescence is started.
As a third light source there is a single, high efficiency, red LED mounted at the center of the adapter, on the optical
axis of the system. Firstly, it is used as a fixation aid for the patient. Secondly, it maintains the pupil constricted and
reduces the interference by the cristalline lens fluorescence. Thirdly, it prevents central fluorescent emission,
originating from the cristalline lens, from reaching the photodetector in a direct way.

Fig. 2.a shows the transmission curves of the excitation (left) and the barrier filters D, the LED spectral emission
(A), the excitation filter transmission curve (B) and the resulting spectrum of the excitation light (C) that reaches the
cornea. Minimum overlapping between excitation and emission spectral regions has been achieved, to be less that one
part over 10'® with a sequence of three excitation filters, and of three emission filters.
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Fig. 2: Spectral emissivity of the blue LED (A), Spectral transmissivity of the excitation filter (B).
Spectral emissibity of the filtered blue filter (C). Spectral transmissivity of the emission filter (D).

Finally, the optical head is equipped with an IR transmitter-receiver combination. The transmitter is located inside
one of the two illuminators, whereas the receiver is housed in the other. The transmitter is square-wave modulated: the
receiver signal, suitably shaped, drives an earphone set (alternatively, it operates a bar-display) which the operator
wears during the measurement. When the cornea is in place at the right distance from the camera lens, the
transmitter-receiver path is on the border of being interrupted and the earphone signal becomes inaudible, thus
indicating that the system is ready for operation.

The signal from the photomultiplier is sent to a compact electronic unit for elaboration and display. The unit is
based on a single-chip microcontroller (Motorola 68HC11) and on a specifically designed elaboration board. The latter
one performs single channel gated integration of the PMT signal within a programmable time interval, using a very
low-noise operational amplifier.




The measurement steps for the acquisition of the corneal fluorescence have been designed to optimize the signal-
to-noise ratio of the measurement. Initially, the operator can position the optical head at the right place with respect to
the target eye by looking at the viewer of the camera and by moving the camera until the cornea is properly positioned.
By pressing the camera shutter the green LEDs and the red LED are turned off. After a convenient delay, the blue
LEDs are turned on for a pre-set time interval, and the elaboration board integrates the fluorescence signal over this
interval. Then the output of the gated integrator is transferred to a sample and hold circuit and converted by the A/D
converter. The gated integrator is then zeroed by a controllable FET switch. Following this procedure, the blue LEDs
are turned off, and the acquisition of the background signal is performed in exactly the same way. The background
signal is then subtracted from the fluorescence signal. When the S/B subtraction is finished, the RED diode is turned
on at full current, in order to prevent the pupil from dilating. After the turn off of the red LED, the sequence starts
again. The S/B acquisition is repeated for a suitable number of times and the result is averaged. These repetitive
sequences are required since the pupil starts to re-open at about 200 ms after the front illumination has been turned
off. In the virtual instrument, turn-on duration, delay, and number of measurements are selectable. In the stand alone
system a pre-optimized set of parameters is available.

3. SYSTEM CHARACTERIZATION

The axial sensitivity of the IR transmitter-receiver combination has been tested to check the accuracy in the
positioning. A standard 1-cm glass cuvette has been mounted onto a translation unit, positioned between both prisms,
the output of the IR amplifier has been connected to an oscilloscope and the output voltage has been monitored varying
the position of the cuvette relative to the optical head. As shown in Fig. 3. The 10-90% range is no larger than 0.4
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Fig. 3: Plot of the IR receiver output as a function of the position of a glass cuvette with
respect to the optical head. The center of the beam is at 330um, and corresponds to the front
surface of prisms.
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mm, and it is. very easy for the operator to distinguish the position where the acoustic signal is 10% of the maximum,
and choose that as the optimum value.
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Fig. 4: Plots of average fluorescence values (solid line, left scale) and standard deviation
(dashed line, right scale) as a function of the concentration of NaFl in a cuvette

The linearity and sensitivity of the corneal fluorometer have been measured by means of a set of square quartz
cuvettes of 10mm width filled with solutions of Di-sodium Fluorescein (Aex,=490nm, A4,=520nm) in buffer medium at
pH 4.2, with concentrations C ranging from 0 to 200ug/l, as measured using a spectrophotometer. Fig. 4 shows a plot
of average values (solid, left scale) and standard error (dashed, right scale) for all the concentrations tested. The
standard error can be seen to be less than 1% in the range of concentrations mentioned.

4. EXPERIMENTAL RESULTS

Fig. 5 shows the overview of the data on healthy subjects as a function of age. For each subject, 5 measurements
were performed on the left eye, and 5 on the right eye. The age independence of the signal collected seems to rule out
any contributioin of crystallin lens. The instrument was then tested for repeatability. One of the cuvettes of NaFl was
used for the test. The cuvette was positioned at the optimum position as detected with the earphone, and a series of
subsequent measurements was performed over a time interval of 2h. The standard error of the readout values was
about 1% of the average value.

A preliminary evaluation of healthy vs diabetic volunteers has been carried out. Other sets of clinical evaluation
have been successively performed in various centers. Healthy volunteers were obtained among the coworkers of the
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Fig. 5: Plot of the fluorometer readings as a function of age, for a sample of twenty-one subjects at
the University of Brescia, including one severely diabetic patient (right and left eye marked with
arrows). Broken line: average value for normal subjects. Solid marks: readings of left eye
(aphakic). Open marks: readings of right eye (phakic).

Leiden University Medical Center and their relatives. The patients were obtained from the Ophthalmology Outpatient
Department. Patients had Type-II diabetes mellitus with background or pre-proliferative retinopathy.

The values of corneal fluorescence of healthy volunteers and diabetic patients obtained with the fluorometer were
compared to those obtained with a scanning commercial fluorophotometer (Aexc=490 nm, Aem=520 nm, Fluorotron
Master, Ocumetrics, Mountain View, CA, USA). The latter instrument scans stepwise the fluorescence along the
optical axis of the eye. The autofluorescence at the position of the cornea is usually increased by the amount of residual
autofluorescence of the lens as the result of the limited spatial resolution of the scanning fluorophotometer (about 0.5
mm). A correction for this lens tailing was performed by subtracting the residual lens curve from the corneal scan. The
residual lens curve was obtained by exponential interpolation of the lens curve at the position of the corneall,

5. CONCLUSIONS
A prototype of a new ocular fluorometer is presented. The apparatus has proven to be very easy to use, automatic,
flexible, sensitive, linear and repeatable. Clinical tests presently underway will decide upon the effectiveness of the
system as a low-cost, compact and inexpensive system, with a valid diagnostic potential for populations at risk for
diabetic retinopathy.
6. REFERENCES

1. F. A. L'Esperance Jr., and W. A. James Jr., "The problem of diabetic retinopathy,” in Diabetic Retinopathy, H.
L. Little, R. L. Jack, A. Patz and P. H. Forham, eds (New York, Thieme-Stratton Inc., 1983), pp 11-20.

2. T. J. Merimee, "Diabetic retinopathy: a synthesis of perspectives,” N. Engl. J. Med. 322, pp. 978-983, 1990.
3 J. C. Will, L. S. Geiss, and S. F. Wetterhall, "Diabetic retinopathy,"” N. Engl. J. Med. 323, pp. 613-623, 1990.

4. G. M. Haik Jr., W. L. Terrel, and G. M. Haik Sr., "Diabetic retinopathy: a leading cause of new blindness,"
South. Med. J. 82, pp. 575-579, 1989.

5. T. R. Stolwijk, J. A. Van Best, J. A. Oosterhuis JA, and W. Swart, "Corneal autofluorescence: An indicator of
diabetic retinopathy,” Invest. Ophthalmol. Vis. Sci. 33, pp. 92-97, 1992.

33



34

10.

11.

J. C. Bleeker, J. A. Van Best, L. Vrij, E. A. Van der Velde, and J. A. Oosterhuis, "Autofluorescence of the lens
in diabetic and healthy subjects by fluorophotometry,” Invest. Opthalmol. Vis. Sci. 27, pp. 791-794, 1986.

T. R. Stolwijk, J. A. Van Best, J. P. Boot, and J. A. Oosterhuis, "Corneal autofluorescence in diabetic and
penetrating keratoplasty patients as measured by fluorophotometry,” Exp. Eye Res. 51, pp. 403-409, 1990.

S. Janiec, M. Rzendkowski, and S. Bolek, "The relation between corneal autofluorescence, endothelial cell
count and severity of diabetic retinopathy,” Int. Ophthalmol. 18, pp. 205-209, 1994.

S. Fantaguzzi, F. Docchio, L. Guarisco, and R. Brancato, "Corneal autofluorescence in diabetic and normal
eyes,” Int. Ophthalmol. 18, pp. 211-214, 1994,

M. Ishida, N. Yokoi, J. Okuzawa, K. Maeda, and S. Kinoshita, "Corneal autofluorescence in patients with
diabetic retinopathy (in japanese),” Nippon Ganka Gakkai Zasshi 99, pp. 308-311, 1995.

E. P. M. Boets in “Fluorophotometry of the anterior segment of the eye with special attention to contact lenses”,
Ph.D. Thesis, Leiden State University, Leiden, The Netherlands, March 1995, Ch. §, "Accuracy of the
Fluorophotometer,” pp. 48-68.



Measuring lens opacity: combining quasi-elastic light scattering with
Scheimpflug imaging system

Rafat R. Ansari!, Manuel B. Datiles II12, James F. King!, and Doretha Leftwood?

INASA Lewis Research Center
National Center for Microgravity Research in Fluids and Combustion Science
21000 Brookpark Road, Mail Stop 333-1, Cleveland, Ohio 44135, USA
Tel: (216) 433-5008, Fax: (216) 977-7138, E-mail: rafat.r.ansari @lerc.nasa.gov

2National Institutes of Health
National Eye Institute
Building 10, Room 10N226
Bethesda, MD 20892, USA
Tel: (301) 496-3577, Fax: (301) 402-1214, E-mail: mannyd3 @box-m.nih.gov

ABSTRACT

Two powerful techniques: quasi-elastic light scattering (QELS) and Scheimpflug imaging (SI), are combined to provide
simultaneous (within a few seconds) and objective measurements of lens opacity. The sensitivity and performance of the two
techniques is evaluated by inducing cold cataract in the lens of a calf eye. The QELS detects the onset of cataractogenesis much
earlier while the Scheimpflug imaging system detects it much later.

1. INTRODUCTION

Earliest, quantitative, and non-invasive detection of lens opacity has remained a desired goal of ophthalmologists. Such ability
would help achieve uniform standards for objective analysis normally required in a longitudinal study in which the natural history
of the disease process is followed. It would also be helpful in the screening of potential candidates/patient population for clinical
trials of possible drugs in the treatment of cataracts. Measurements of early lens opacities have been carried out by several
investigators using the techniques of quasi-elastic or dynamic light scattering (QELS or DLS) and Scheimpflug imaging (SI). Most
recent clinical studies using these methods include studies by Thurston et al.!, Rovati et al 2, and Datiles et al.3, and the references
contained in their publications. However, these two techniques, to best of our knowledge, have never been combined to gather
data on lens opacity and having the results compared against each other. Recent technology developments for space (microgravity
fluids) experiments* at NASA have provided extremely compact, robust, non-invasive, and highly sensitive fiber optic DLS
probes which can catch cataracts at the macromolecular level. These probes have shown their utility in accomplishing ocular
tomography> in animal models for studies of cataractogenesis, easy adaptation to clinical instruments used routinely in an
ophthalmologists office, and in accessing several types of turbid media.® The SI technique provides a semi-quantitative measure
of tubidity of the lens tissue by converting Scheimpflug images into a parameter called optical density units (0.D.U).7AOD.U.
value of 0.01 represents transparency of an ultra clean sample of water. Clinically, the range of values, <0.1 0.D.U., are assigned
to anormal (non-cataractous) lens while 0.1 to 1.0> 0.D.U. < 1.0is considered to having a nuclear cataract from early to moderate
stage. Fundamental details of the SI8 and DLS? techniques have been covered elsewhere.

The laser light transmitted by a compact DLS fiber optic probe to the eye, monitor Brownian motion of the protein crystallins
inside the lens. The particles scatter light and the intensity of this scattered light fluctuates in time due to the Brownian or thermal
motion of the dispersed particles in the suspending medium. In a dynamic medium such as eye, when illuminated by laser light,
a rapidly changing interference pattern due to the differences in the optical density of the scattering medium can be coherently
detected by a DLS spectrometer. The rapidly fluctuating interference pattern at a photodetector contains information about the
dynamics of the scattering medium and can be extracted by constructing a correlation function. A time correlation function (TCF)
is constructed after detecting the scattered light by a photodetector and appropriate electronic processing via a amplifier-
discriminator stage (built into the APD module) and a digital correlator. In the simplest case of dilute dispersions of spherical
particles the slope of the correlation function provides quick and accurate determination of the particle’s translation diffusion

SPIE Vol. 3246 e 0277-786X/98/$10.00

35



coefficient. The diffusion coefficient data can easily be transformed into average particle size, using Stokes-Einstein equation,
provided the viscosity of the suspending medium, its temperature, and refractive index are known. For particle size determination,
the time correlation functions were analyzed using standard data inversion techniques of cumulant analysis and exponential
(histogram) sampling. These were supplied with the BI900O correlator system. Details can be found in references by Chu,%1°
Provencher,!! and Stock and Ray.'? In the experiments reported here viscosity of waler at the respective lens temperature was
used in the recovery of average crystallin size.

2. EXPERIMENTAL SET UP

The laboratory bench-top experimental set up is shown in Fig. 1. It consists of a Marcher Oxford Scheimpflug imaging
system, a laser-detector box, a compact DLS fiber optic probe mounted on a custom designed swing-arm, a eye holder, custom
built sample assembly for inducing cold cataract in the lens, temperature monitoring equipment, water circulation unit, and a lap-
top computer containing a digital correlator card. In later experiments, performed at NEI and reported in this paper, the Marcher
SIsystem was replaced by a Zeiss SI system which yields better images in combination of the NEI's Scheimpflug Image Analysis
System.

Figures 2 and 3 offer a detailed and close-up view of some components. The DLS probe has been described elsewhere#-5 and
therefore it will not be repeated. The probe used in this study has a diameter of 10.2 mm and a scattering angle of 170°. Laser light
(A= ~670 nm) was launched into the DLS probe through FC/PC connectors available on a custom built laser-detector box. The
DLS probe was mounted on acustom designed three axis optical stage attached to the Scheimpflug imaging system currently used
for human eye examinations. An arm, securing the probe head, has been designed to allow simultaneous DLS-SI measurements
to be taken for comparison purposes. This arm easily swings out of the way when it is not needed.

The laser box consists of the Following components: Melles Griot (57-STL-102 57-FSN-602/FC/0.5 4 mw 671.3 nm) diode
laser with a thermoelectric cooler (TEC), fiber coupled output power (output at fiber = 1 mW). Laser Driver: Thorlabs ANDLTEC,
controlling the TEC. We built our own laser power controllers. Photo Detector: EG & G Model SPCM-AQ, Active Quench. Power
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Figure 1.—DLS-SI benchtop experimental setup for simultaneous (within a few
seconds) measurements of lens opacity.
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Supply: Power One Model MAP 40-3000 +5v, +/- 12 v,40 W. A BI-9000 digital correlator card housed in a lap-top IBM computer
connected to the APD output in the laser-detector box. The DL.S data was analyzed using the commercial software provided by
the Brookhaven Instruments Company of New Y ork. DLS measurements were made at a laser power of 50 uW fora 5to 10 second
duration. The output power is controlled by a calibrated potentiometer ranging from 0 to 580 uW located on the front panel of the
laser box.

The eye holder cavity was machined in ablock of plexi-glass material measuring 83.3 mmin diameter X 38.1 mm in thickness.
A cooling jacket has been machined around the base of the housing to provide adequate cooling necessary to refrigerate the eye
from the base. This plexi-glass eye holder is mounted on an aluminum manifold measuring 83.3 mm in diameter X 25.4 mm in
thickness. This aluminum manifold provides access from the bottom to the plexi-glass cooling jacket. A top cover has been
machined to an optically smooth finish which snugly fits the bottom cavity covering the entire eye. The top cover is then
surrounded by an upper cooling jacket, exposing 15.2 mm indiameter of the eye. This cover also keeps the cornea moist throughout
the measurements. These cooling jackets allow the eye to quickly achieve equilibrium as the temperature is slowly dropped. Using
an Endocal refrigerated circulating bath model RTD-5DD, cooling water with a flow rate of 0.5 gallons/minute is connected in
series using tygon tubing. The water is circulated through both the upper and the lower cooling jackets of the eye holder, controlling
the eye temperature (or lens temperature). Through access holes, the temperature is continuously monitored and recorded at the
back of the eye (T})) as well as the front (Ty) using two 0.5 mm diameter stainless steel sheath closed end, grounded, type “K"”
thermocouples. A 57.2 mm I.D. X 76.2 mm O.D. X 6.4 mm thick ring, fabricated from Sali-1200 insulating material, thermally
isolates the assembly from an aluminum mounting plate. This assembly is mounted to a Newport M-410 vertical slide. DLS and
SImeasurements were made at every 1° C interval. When T, = Ty, 10 minutes are given for temperature equilibration before the
DL.S/SI measurements are made on the eye lens. Fresh calf eyes from animals ranging in age 14-16 weeks were obtained from
slaughter houses (Tucker Packaging, Orville, Ohio) and (Ruppersberger & Sons Baltimore, Maryland) for experiments conducted
at NASA LeRC in Cleveland and NEI in Bethesda respectively. The experiments were concluded within 24 hours after collecting
the eyes. The intact eyes were used as received with the exception of trimming excess tissue from the back of the eye so that it
can fit the plexiglass cavity in the sample holder described above. No dissections or pupil dilations were carried out. The calf eye
was then positioned in front of the SI camera and the DLS probe in a manner similar to positioning a human subject. The DLS
probe was then positioned to focus the scattering volume (or volume under test ~20 um) in the nuclear region of the lens and this
set up remain unchanged for the entire duration of the experiment.

3. RESULTS

Before making actual measurements on the eye, we ensured that DLS measurements be free of all artifacts due to temperature
cycling. This was accomplished by testing and calibrating the instrumentation using solutions of polystyrene latex standards. The
85nm latex solution was filled into the cavity of the eye holder in which a whole eye fits snuggly. Figure 4 represents typical DLS
data at three temperature settings. From these correlation functions, size distribution can be extracted at each temperature setting.
This is shown in Fig. 5. These results indicate that our instrumentation give consistent values for the standard solutions from 20° C
to 5° C. These results verify that falling temperature does not affect the reasonable and accurate determination of particie sizes.
After this verification, a calf eye was housed in the holder and static, DLS, and SI measurements were made.

Figure 6 shows the static lightscattering data as a function of temperature in which scattered photons were coliected from the
nuclear region of the lens of a calf eye. The total scattered intensity slowly increases as temperature decreases in the beginning
stages and then sharply increases after reaching the 14° C mark. The onset of cataractogenesis can be contemplated around 17° C.
As temperature continues to drop, the intensity increases sharply and consistently, showing the progression of cataract.

The DLS data is presented in terms of time autocorrelation function (TCF) profiles as a function of temperature and is
presented in Figs. 7 and 8. The slope of each individual TCF curve yields a translational diffusion coefficient which can be
converted into average protein crystalline size. A change in the amplitude or spatial coherence factor () and slope is evident as
soon as the temperature is reduced to 19° C. Among the family of TCF curves between 19° C and 17° C, the § values drop slightly
but the slopes do not change appreciably.

For the family of curves shown in Fig. 8, both the B values and slope change consistently and appreciably indicating a gradual
progression of cataract. This indicates the onset of cataractogenesis occurring around 17° C. Around 14° C and below severe lens
opacity can be produced. This can be seen by converting the DLS data into particle size distributions.
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Temperature, Optical Density
°C (0.D.U)
19 0.01
18 0.01
17 0.01
16 0.01
15 0.01
14 0.01
13 0.01
12 0.01
11 0.01
10 0.02
9 0.03
8 0.04
7 0.05

Table 1.—Scheimpflug evaluation of cold-induced
cataract in a calf eye lens.
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InFig. 9, we present size distributions, obtained by inverting DLS data using the exponential sampling algorithm, for some
representative samples or curves from Figs. 7 and 8. For a one to one equivalence, Scheimpflug images are compared in Fig. 9
against the DLS data. The size distributions are quite broad but they shift to the right consistently as expected ina growing cataract
by forming bigger aggregates or protein complexes. Experimental evidence for this has been given by Spector,!3 Jedziniak et
al.!14-15 and Tanaka and Benedek, 6 amongst several others. Scheimpflug images, however, do not show any change upuntil 10° C
when the optical density changed from 0.01 to 0.02 O.D.U. Based on these observations, we conclude that DLS has the ability
to show the onset of cataractogenesis much earlier (~17° C), while the Scheimpflug imaging system detects it at a much later stage
(~10°C).

4. DISCUSSION

The total intensity and DLS measurements show the onset of cataractogenesis much earlier (~17° C) While the SI
measurements show achange atamuch later stage (~ 10° C). 0.D.U. values are reported in Table 1. However, DLS data (see Fig. 9)
show a considerable change in the particle size distribution. Based on our results, it seems that SI evaluation underestimates a
growing lens opacity or cataract, therefore, limiting its usefulness in the longitudinal studies of patients or in drug screening. On
the other hand, DLS measurements show a very high sensitivity. In future clinical trials of anti-cataract drugs, it is important to
give the drug to the patient at a stage when the cataract is still reversible. If the cataract is advanced and non-reversible, the drug
would be ineffective. Hence, if the DLS can detect the earliest cataract change, it will be very useful in determining the patient
eligibility for the clinical trial of an anti-cataract drug.

The DLS data, when converted into particle size distributions, show quite nicely how a cataract is progressing. However, we
do not wish to emphasis the exact number for the particle size in a dynamic system such as a cataractous eye because of unknown
factors such as the changing viscosity or the effects due to multiple light scattering occurring in a turbid media. We do, however,
point out the good dynamic range of the DLS probe to follow a systematic trend as a marker for the cataract progression. Further,
we have shown elsewhere that our DLS probe can be used effectively in the determination of accurate particle size from transparent
to extremely turbid (~7 orders of magnitude higher than the turbidity of water) samples ranging in size from few nanometers to
almost a micron.%
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5. CONCLUSION

We have combined two powerful techniques (QELS and SI) by implementing a compact DLS fiber optic probe on the NET's
SIsystem for the objective study of lens opacity. We find DLS or QELS to be far more superior in sensitivity over the SItechnique
in the evaluation of cataractogenesis.
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