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Abstract. A system for robotically assisted retinal surgery has been
developed to rapidly and safely place lesions on the retina for photo-
coagulation therapy. This system provides real-time, motion stabilized
lesion placement for typical irradiation times of 100 ms. The system
consists of three main subsystems: a digital-based global tracking sub-
system; a fast, analog local tracking subsystem; and a confocal reflec-
tance subsystem to control lesion parameters dynamically. We have
reported previously on these individual subsystems. This paper con-
centrates on the development of a second hybrid system prototype.
Considerable progress has been made toward reducing the footprint
of the optical system, simplifying the user interface, fully characteriz-
ing the analog tracking system, using measurable lesion reflectance
parameters to develop a noninvasive method to infer lesion depth,
and integrating the subsystems into a seamless hybrid system. These
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system improvements and progress toward a clinically significant sys-

tem are covered in detail within this paper. The tracking algorithms
and concepts developed for this project have considerable potential
for application in many other areas of biomedical engineering. © 2002
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then describes each subsystem in detail and outlines the
progress toward a clinically significant prototype.

1 Introduction
1.1 Background

Laser photocoagulation has been used to treat retinal disordersI 2 Photocoagulation for Retinal Disorders
such as diabetic retinopathy, macular degeneration, and retinal * 5 . _ ) )
tears for several decadk3ypical treatment protocols require ~ Laser photocoagulation is used to treat various retinal disor-
placement of multipléoften several thousahtherapeutic le- der;. In laser photocoagulat]on, the absorption of laser I|ght
sions on the retina in an outpatient environment. Lesion place- PY tissue generates heat which causes molecular denaturation
ment is determined by the ophthalmologist, and the patient is 1d necrosis in the absorbing and surrounding tissue. Typi-

fully awake during the procedure. Although the patient’s head ¢@lly an argon lase(A=488,514 nm is used. The argon
is supported in a chin cup and the conjugate eye is stabilized Wavelength has been found to provide the most desirable pen-

with a fixation target, considerable retinal movement may oc- €tration depth through the neural retina and high absorption in
cur. The procedure is currently performed manually and suf- the retinal pigment epitheliunRPE."" The generated heat
fers from several drawbacks includiid: often requires many transfers to the neighboring tissue and a therapeutic lesion is
clinical visits, it is very tedious for both patient and ophthal- thus formed. The lesion developed appears highly reflective
mologist, and the laser pointing accuracy and safety margin compared to the surrounding tissue when viewed via a fundus
are limited by a combination of the ophthalmologist's manual c@mera. The lesion will reflect light more effectively than the
dexterity and the patient's ability to hold their eye still. Fur- Undamaged parts of the retina due to an increase in the scat-
thermore, there is a large variability in lesion size even with (€ring coefficient of the tissue optical properties. Light re-
identical irradiation parameters due to the nonhomogeneousfiécted from the lesion is used to track retinal movement and
retinal tissue properties. The goal of this research is to de- S @lS0 used to control the depth of the lesion. Lesion forma-
velop a computer-assisted laser delivery system to aid thelion is not uniform across the retinal surface due to varying
ophthalmologist in therapeutic lesion placement and param_absorptlon characteristics. It has been shown that absorption
eter control. This paper concentrates on the development of a°f 1aser energy in the RPE typically varies up to 200% across
second hybrid system prototype to accomplish the project the retinal surfacé It is imperative that the lesion depth does
goal. The paper begins with a brief review of laser photoco- N0t approach close to the inner surface of the retina which can
agulation treatment for retinal disorders followed by a de- damage the nerve fiber layer and may lead to arcuate

scription of the hybrid system. The remainder of the paper scotomé Furthermore, deep lesion growth may result in
hemorrhage into the vitreous chamber while a shallow lesion
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provides limited therapeutic effect. There are several disor- search effort is known as CALOSOS for computer aided laser
ders currently treated with laser photocoagulation. These dis-optical system for ophthalmic surgery. The requirements for
orders include diabetic retinopathy, macular degeneration, andthis system have evolved to: retinal tracking rates equal to or
retinal tears. better tharllO ° s,laser pointing accuracy better tha@0 um
Diabetic retinopathyis the most common of all retinal dis-  at the retinal surface, uniform lesion formation within 5% of
eases. It is one of the leading causes of blindness in the West-apparent size and depth, and system reaction time of no more
ern hemisphere. It is a direct result of diabetes militus. Retin- than 5 ms. Should retinal movement exceed the ability of the
opathy is an alteration of blood vessels that provide system(or other anomalous condition occurs such as patient
nourishment to the retina. These blood vessels may leak, de-blinking), the tracking system must register a loss-of-lock
velop irregular branches, or become enlarged causing poorcondition, immediately close the laser shutter, and attempt to
vision.”~® To treat this disease, an ophthalmologist directs the re-establish system lock.
laser through the pupil onto the retina at different locations. = The CALOSOS system has been subdivided by function
Each laser “shot” to the retina creates a tiny burn or lesion into three main subsystems.
(approximately 20Qum in diametey that, if successful, can
stop abnormal leakage or bleeding and generally mitigate the 1. The digital tracking system—provides a global retinal

retinopathy. This procedure may require up to 3000 lesions tracking capability.
per eye, involving repeated clinical visits, and can be very 2. The analog tracking system—provides a fast, local
tedious to both patient and ophthalmologist. tracking capability.

Macular degeneratioroften associated with aging, it is a
common retinal disease, and the most common cause of legal
blindness in the United States for people over 60 years old.
With this problem, the central area of the retina deteriorates

causmg_ gcl)?r c_entr_al \_/iSion_ and require_s prompt  \when integrated together, these three subsystems provide a
evaluation'®**As with diabetic retinopathy, a laser is directed hyprid system capable of mapping desired lesion placement
on the retina at different locations to stop abnormal leakage or sjtes, tracking and compensating for retinal movement, and
bleeding and generally improve the condition. One problem controlling laser irradiation time to provide for consistent
with this disease is that the diseased area is sometimes veryherapeutic lesions. In this paper we will present the progress

close to the fovedthe area where our most acute vision takes made in each of the subsystems toward realization of a clini-
place, and damage to the fovea can cause permanent blind-cg)ly significant system.

ness. Therefore, placing lesions in this area requires extreme
caution.

Retinal detachmentsan be caused by disease or injury and 2 Digital Tracking Subsystem
involve a segment of the retina actually being separated or9 1 Overview
peeled away from the back wall of the eye. This usually re-
sults in the immediate losgartial or completg of vision!?
Retinal detachment is the stage that normally occurs after reti-
nal tears. It first starts with a tear in the retina, which eventu-
ally leads to a detachment. The procedure for laser treatmen
of retinal detachment/tears is to direct the laser to locations
surrounding the damaged area in order to stop the tears from
progressing to a wider area of the eye.

3. The lesion control system—controls laser dosimetry in
real time to produce consistent therapeutic lesions
across the retina.

The digital tracking subsystem uses a stand@4dx 480
pixel resolution, 30 frames per secoffihs), and a mono-
chrome charge coupled devi¢ECD) video camera attached
to a mydriatic fundus camera to obtain an image of the retina.
he CCD camera is connected to a frame grabber hosted by a
standard desktop PC. The frame grabber converts the CCD
camera signal into a series of images compatible with a per-
sonal computer. The digital tracking system provides a global
retinal tracking capability using a blood vessel template
matching schenté to update the position of the irradiating
laser on the retinal surface.

1.3 The Computer Aided Laser Optical System for
Ophthalmic Surgery

In the late 1980's, Markow et al. at the University of Texas
(UT) proposed an automated systéno treat retinal disorders . . .
with the following goals. 2.2 The Optical Configuration
The digital tracking subsystem and the analog tracking sub-
1. Development of a clinically significant photocoagula- system share an optical configuration illustrated in Figure 1.
tion system to provide a user-friendly interface for the The details of this optical configuration have been described
ophthalmologist, to quickly and safely place therapeutic elsewherd.A diagram and a brief description of the optical
laser-induced lesions of desired parameters at desiredconfiguration is provided here for completeness. An all lines
retinal coordinateswhile compensating for patient reti-  argon laser is introduced to the system via a laser delivery
nal movement and fiber. The irradiating beam is routed to the retinal surface via
2. permit consistent retinal lesion formatigcompensat- ~ mirrors M1 and M2, passing without deviation through a
ing for variations in the retinal absorption coefficient ~ dither mirror (a beamsplittgr and the main steering mirrors.
The dither mirror and the main steering mirrors are under
Considerable research has been accomplished at thegalvanometer control. From the main steering mirrors the
UT,**?% the United States Air Force Acaderfly’> and the beam is directed to the beam splitttBS4) at the fundus
University of Wyoming®>242~%to develop a clinically sig-  camera through the patient’s dilated pupil and to the retina.
nificant system capable of treating retinal disorders. This re- On this path, the beam passes through other optical compo-
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Fig. 1 Optical configuration for the digital tracking subsystem and the analog tracking subsystem.

nents, which are used to condition and control the beam andthe surgical procedure under the control of the digital tracking
to split off a portion of the main beam for use as the tracking system. The reflectance from the dithering signal follows the
beam, including several shutters and a beam splitter. A portionreverse path back to the tracking beam reflectometer.
of the main beam is also reflected off of beam splitter BS1to  The prototype optical configuration has been significantly
the laser power reflectometer which measures instantaneouseduced in footprint to approximately 30 cm by 30 cm, a
laser power. reduction in area of almost 16:1. This makes the system more

As the therapeutic lesion begins to form on the retinal clinically practical and easily adaptable to an existing oph-
surface, the retinal tissue coagulates, the scattering coefficienthalmic fundus camera. The set-up, shown in Figure 2, was
increases, and the lesion reflects an increasing portion of theconstructed with LINOS Photonics Microbench optical com-
irradiating beam back along the same optical path. The signal ponents. Various components were used to fgtls-L6, LS
is reflected off of BS1 to the coagulating beam reflectometer and direct the beartM1, M2, main mirrors, and BS4Lenses
and is used to derive an indication of lesion depth. L1, L3, L5, and L6 are planoconvex withH=25mm;

A low-power tracking beam is obtained by tapping off a whereas, L2 and L4 are planoconvex lenses with
portion of the main coagulating beam in the forward direction =250 mm.Lens LS is an aspheric lens wifh=53 mm.All
of the light path at beam splitter BS1. The dither beam is lenses were AR coated.
significantly attenuated by beamsplitters BS1 and B&#h
80/20 and the neutral density filter. The tracking beam re-
flects off beam splitter BS2 to the dither mirrors. The dither 2-3  Digital System Software
mirrors are driven by quadrature related sinusoid signals suchThe software is the fundamental part of the CALOSOS sys-
that the tracking beam is driven in a circular dither pattern. tem. It controls the building of the tracking template, the lay-
The tracking beam then passes through the main mirrors anding out of the lesion sites, and controlling the retinal surgery.
on to the retina. The low power dithering tracking signal re- The tracking template consists of three sets of horizontal and
flects off of a reference lesion. The reference lesion is used for vertical blood vessel templates locked into known orientation
analog tracking purposes. It may be a lesion of therapeutic to one another to form a unique, two-dimensional template of
value or a low level marker lesion placed at the beginning of the retina’s vessel pattern. An individual blood vessel tem-

Journal of Biomedical Optics * April 2002 < Vol. 7 No. 2 181



Naess et al.

Fig. 2 The laser beam (thick white line) passes through the main shutter, a beam splitter, and the main coagulating shutter before hitting two fixed
mirrors that directs the laser up one level. It then passes through a focusing lens before hitting the two x—y steering mirrors. From here it goes
through one more focusing lens and a beam splitter before being projected onto the retina. The dither beam (thin white line) is formed by splitting
off a portion of the main beam. The dither beam is reflected off of another beam splitter where it is reflected at a 90° angle to the dither
galvanometer pair and onto the main beam steering pair. The reflectance signals from the reference lesion and also the forming therapeutic lesion
follows the reverse optical path where they are focused onto appropriate reflectometers.

plate consists of the leading and trailing edge of a blood ves- position at a rate of 30 times per secoftermined by the

sel at a known distance from one another. In addition, the camera frame rajebased on template registration within each
software also drives the graphical user interface for the opera-video frame. If retinal movement is detected, the software will
tor (Figure 3. The software language chosen for this project move the mirrors in the appropriate direction to ensure the
was Microsoft Visual G-+ 6.0 with the Windows NT 4.0 laser stays at the designated lesion location. If the software
operating system. The software interacts with three hardwarecannot establish digital lock, it will shut off the main coagu-
PCI boards: a frame grabber board from MuTekh/-1000) lating beam until it has re-established lock or else halt the
and two data acquisition cards from National Instruments surgical procedure. The update every 33.3 ms is not fast
(PCI-60258, which control the operation of the shutters and enough for the required system response of 5 ms. This is

galvanometers. A standard, monochrome, RS-1Ba0 where the analog tracking subsystem is used to achieve faster
X 480, 30 fp9 camera(Sony XC-75 is used to capture the  position updates and response time. The tracking and control
images of the retina. functions are implemented with three PCI boards. Two boards

The software controls the retinal surgical procedure and are identical data acquisitiofDAQ) boards from National
provides the operator an easy to use interface. The operatoinstruments(PCI-60258. Each PCI-6025E has two analog
will choose where the tracking templates should be created output channelg$—10to + 10 V) and one eight-bit digital 1/0
and then choose to accept the tracking templates or to discarcchannel(0 to +5 V). Since the software is controlling four
them. The same is the case for lesion placement. The softwaregalvanometers, two DAQ boards are required.
will automatically layout the lesion sites after the operator
designates the area, in addition to masking the optic disk, . . X
fovea, blood vessels, and tracking templates from laser irra- 2-4  Digital Tracking Subsystem Testing
diation. The optic disk location is automatically detected us- In order to characterize the tracking parameters of the digital
ing Hough Transform techniqué®This masking is done to  tracking subsystem, several tests were performed using a reti-
prevent putting lesion sites on critical locations which may nal phantom. The retinal phantom consisted oXanY plot-
damage the eye. However, the operator has the option to deter with a retinal image affixed to the plotting pen carriage.
lete and/or to add new lesion sites before accepting the lesionUsing this configuration, known scaled retinal movements
placement. could be produced in the retinal phantom. The results of a

Upon starting the surgical procedure, the software will representative tegivhere the retinal speed was increased until
control the movement of the laser from one lesion site to the digital tracking subsystem lost lock and then attempted to
another. It will also make necessary adjustments to the laserregain lock are shown in Figure 4. The tracking system was
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Fig. 3 GUI layout after tracking algorithm and lesion placement algorithm have been performed.

able to keep up with equivalent retinal velocities up to The analog tracking subsystem employs a small, laser-
23.83°s.The system then successfully re-established systeminduced retinal lesion with a reflectance significantly different
lock when the phantom velocity was decreased. than the surrounding tissue. This feature can be used for track-
As previously mentioned, the digital tracking subsystem ing, by “dithering” a low-power secondary laser beam in a
provides a global view of the retina and also a retinal tracking small circle around the inside edge of the reference lesion and
capability beyond the desiret °/s requirement. However,  detecting the returning light with a confocal reflectomésere
the response time of the system is limited by the camera Figure 5. When this dithered beam is pointed on the refer-
frame rate at 33 ms and, hence, does not meet the overallence lesion, the reflectometer signal is high. When the beam is
system requirementf@ 5 msresponse time. Although faster  pointed off the lesion, the reflectometer signal is low. Thus,
camera frame rates are available, retinal image quality would the reflectometer output signal varies synchronously with the
suffer due to reduced pixel integration time and digital retinal periodic dither signal which drives the dithering mirrors. This
tracking would no longer be possible. To achieve the required
system response time, a fast analog tracking system is re-

qUIred ] : +19 @ 34670
NS SRR

3 Analog Tracking Subsystem 0 \ \ I \ ’

3.1 The Analog Tracking Subsystem Overview o 0 ;

The analog tracking subsystem of CALOSOS includes three é e g \ °+J°l i =

features: fast retinal tracking, lesion parameter control, and g ‘\ \ ’ \ !

generation of the system loss of lock signal. Recall from our “° 1 \ \ ’ \ ‘ \ \ (

earlier discussion that the digital tracker is able to produce a 60 N

33 ms response time when a standard 30 fps camera is em- U H l , ‘ l

ployed. To compensate for the frame rate limitation and pro- = VESE R ER e Rl l

vide a 5 msresponse time, analog tracking was added to 100 S e W

CALOSOS. The technique was developed as a stand-alone Umemiilieaconde)  -es.@ssae0

method to eliminate retinal motion induced artifacts from con- . . . R .

. . - Fig. 4 Tracking loss at retinal movements >23.83 °/s. The tracking
focal reﬂeCtQm?ter signals Obta"_]ed . during laser speed is slowly increased until a loss of lock occurs. The system then
photocoagulatiofi? The heart of the design is a closed loop attempts to re-establish lock. In the above chart relock did not occur
control system. until the speed was brought down again to under 23 °/s.
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Fig. 5 With the dither signal centered on the reference lesion, no X or Y correction signals are generated and the system lock signal remains high.
When the dither signal is displaced from the center of the reference lesion due to retinal movement, corresponding correction signals are generated
to return the dither beam to the reference lesion. If an abrupt movement causes the dither beam to fall off the reference lesion, X and Y correction
signals are not possible and the system lock signal becomes zero. At this point the digital tracking subsystem would initiate a routine to re-establish
system lock.

output is processed to yield andY error correction signals  coagulation beam reflectometer, the laser power reflectometer,
from the confocal reflectometer. In this synchronous detection and the tracking beam reflectometer. In the normalization sec-
technique, the error signals contain all the information neededtion, the laser power reflectometer signal is used to normalize
to redirect the tracking beam back to the center of the refer- the other two reflectance signals to compensate for laser
ence lesion, thereby minimizing the error signal. These error source variation. The quadrature generator is the third section
signals are integrated over time and used as correction signalsand provides reference signals for synchronous detection and
to drive the main steering mirrors in the tracking beam path. the drive signals for the dithering galvanometers.
Therefore, the motion of the reference lesion due to retinal The X and Y channel sections provide drive signals to
movement can be detected and tracked. regulate two pairs of galvanometer-controlled mirrors so that

When this closed loop control system has lost lock with the laser dithering beam always illuminates a reference lesion
the eye due to an abrupt retinal movement, it will provide the keeping the therapeutic laser at the correct location on the
hybrid system with a “lost lock signal.” The normal “lock  retinal surface. These signals have been designated
signal” is high as long as the dither beam is tracking the X-galvo-out andY-galvo-out for the therapeutic laser beam
reference lesion, and goes low if the dither is off the reference control andX-dither galvo-out and/-dither galvo-out for the
lesion. When the analog system loses lock, the loss of lock dithering beam control.
condition immediately causes the main shutter to close so that
no harm is done to the patient.

3.3 Input and Signal Normalization Blocks

The input block consists of three reflectometers followed by a
Figure 6 provides a block diagram of the analog tracking sub- filter and an amplification stage. Each reflectometer is a Burr
system. The subsystem is divided into five sections. The input Brown photodetector consisting of a high performance silicon
section amplifies and filters the reflectance signals from the photodiode and precision, field-effect transistor-input transim-

3.2 Analog Tracking Subsystem Description
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Fig. 6 Block diagram of the analog tracking subsystem.

pedance amplifier integrated on a single monolithic chip. The 3.4 The Quadrature Generator

output of the photod_etec_tor _is a voltage prc_)portional to the e quadrature generator provides two outputs: a sine wave
intensity of the light illuminating it. All three input channels for driving the X channel, and a cosine wave for tifechan-

are equipped WiFh a th.ird order low pass filter.to prevent alias- nel. When driving the dit’her mirrors with these two signals, a

Ing when the signal is sampled by the lesion control sub- circular beam motion results. This is referred to as the dither-

system. The last part of the input block is the amplification . b Th ianal | df h det
stage. It is necessary to employ low noise amplifiers in this I'nogn eam. These signals are also used for synchronous detec-

stage since the photodiodes within the reflectometers producet' . .
The quadrature related signals are generated using two

low-level signals. The laser power input also has a direct cur- ;
rent(do) blocking circuit. The purpose is to normalize the two EPROMSs  erasable programable read only memories

other reflectance signals by the laser power source. Due to thelEPROMS. One EPROM has a digital representation of a sine
requirements of the specific analog divider used in the nor- signal stored within it while the other has the cosine signal.
malization process, it was necessary to retain the alternatingAnalog sine and cosine signals were reconstructed from the
current portion of the signal, and remove the dc bias signal. A digital representations stored in the EPROMs by sequentially
dc 10 V level was then added to meet the input requirements scanning through the EPROMs memory locations. Each digi-
of the analog divider. tized sample of the wave form is fed into an analog-to-digital
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Fig. 7 Sample of dither with displacement, eye moved to the left.

converter followed by a low pass smoothing filter. The overall well within the 5 ms system requirement. A 1 kHz dither
results are sine and cosine signals precisely locked into asignal was used. The system response time is limited prima-
quadrature relationship with one another. This is called direct rily by the mechanical movement of the galvanometers.

digital synthesis. Once a prototype was completed, the analog tracking sub-

system was also put through a battery of tests. The results of
3.5 Xand Y Channel Detection and Error a step response test is shown in Figure 8. An analog switch
Generation was used to engage a dc voltage step that would simply be

The X and Y error signals are generated in this stage via added to the dither drive signal. The input step, the reflec-
synchronous detection. The sine and cosine reference signal¢ometer output, the error generated on chamneind the error
from the quadrature generator are separately multiplied with generated on channgl were then captured with an oscillo-
the signal from tracking beam reflectometer. The result is an scope.

X-error andY-error signal that when filtered may be used asa  The tracking beam reflectometer output in response to the
compensation signal to maintain the coagulating beam and thestep deflection input is the top trace. The corresponding

dithering beam on the desired location on the retina. channel andX channel error correction signals generated by
the analog tracking subsystem are also shown along with the

3.6 Analog Tracking Subsystem Simulation and step response signal. A step input in the negatiwrection

Testing was used to test the circuit. In reality this would be the same

During development, the analog tracking subsystem circuit as if the eye moved to the right. The first signal to respond to
was first simulated under a variety of test conditions using the step function is at the bottom of the displagltax). The
Electronics Workbench. The results of a representative test arereflectometer detected the movement by providing a signal
illustrated in Figure 7. The simulation illustrated depicts a that indicated the dither beam was about to fall off the refer-
scenario where the eye has moved to the left. The choppedence lesion. The error generated at ¥iehannel is increas-
sine wave is caused by a portion of the dither beam reflection ing, which means the dc signal added to ¥iehannel dither
signal falling off the reference lesion. Note that the error is was increasing. This means the dither is returning to the ref-
integrated over time and increases accordingly until the move- erence lesion. The error signal generated stabilizes after a
ment effects have been eliminated and the dither signal is short time, which means the system had compensated for the
back on the reference lesion. As expected, when a portion ofstep input. Also note that th¥ channel generated an error
the dither signal falls off the reference lesion, a corresponding signal. This was due to the dither signal not being perfectly
error signal is generated. The response time of this system isplaced in the middle of the reference lesion when the step was
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Fig. 8 The step response.

executed. The dither was forced slightly to the left. This de- Previous work determined the correlation of the latency
flection triggered a low level of compensation in techan- period to lesion depth and the slope of the reflectance curve to
nel, forcing a small positive error signal. This process stabi- lesion depth in a retinal phantom. These investigations yielded
lized the dither signal back on the reference lesion and g good(0.66—0.99 correlation coefficient between these le-

resulted in no error. sion reflectance parameters and lesion depth. However, this
correlation was not enough to be reliably used to consistently
4 Lesion Control Subsystem control lesion depth parameters. At the suggestion of Dr. Jay

The final CALOSOS subsystem to be discussed is the Iesion'vIIIIer (quoks AFB, TX),_ the correlation between the |n_te-
control subsystem. The purpose of this subsystem is to c,y_grated lesion reflectanc(elmply put, the area_unde_r the lesion
namically control irradiation dosimetry to provide consistent reflectance curyeand lesion depth was investigated. We
lesions across the surface of the retina. Our goal is to useformed a number of lesions using the same experimental ap-
measurable lesion reflectance parameters to determine nonParatus from previous studis® under many different ex-
measurable lesion depth. Efforts to measure lesion parameter$erimental conditions. We purposely tried to inject a signifi-
and correlate them with depth are reported elsewfferé. cant amount of electronic noise onto the reflectance signal to
The following section present the current work in this area. test the robustness of this technique. The results were excel-
For completeness we have provided a typical lesion reflec- lent. Over the course of these experiments the correlation co-
tance curve in Figure 9. efficient between central lesion reflectance and lesion depth

latency

petiod growing region M
5

W

reflectometer output
w

0 200 400 600 800 1000 1200 1400 1600 1800 2000

tite [mus]

Fig. 9 Typical lesion reflectance signal.
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Area Under Reflectance Curve vs. Depth

y = 896.69x - 3320.5
R? = 0.9833
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Fig. 10 Results from correlating the area under the lesion reflectance curve to immeasurable lesion depth in an egg white phantom.

varied between 0.9 and 0.99. A representative result is pro-
vided in Figure 10.

The tracking algorithms and concepts developed for this
project have tremendous potential for application in many

We are very encouraged by these preliminary results in an other areas of biomedical engineering. We have already
egg white retinal phantom. We are currently repeating these adapted the basic tracking system for recording eye move-

experimentsn vitro on porcine retina using clinically signifi-

ments directly from the retina for Department of Defense

cant laser parameters. Preliminary results indicate the lesionstudies3!® tracking rats in a water maze for psychophysi-
reflectance curves have a virtually identical profile to those of ological studies?~3* and stabilizing a laser for computer-

the egg white phantom.

5 Discussion and Conclusions

assisted tattoo removal.
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In this paper we have reported on the considerable progress”ortions of this paper were presentedPabtonics West BiOS

made on a clinically significant prototype system to safely
place therapeutic lesions on the retina for the treatment

2001, San Jose, CA, January 260&nd at the 38th Annual
of Rocky Mountain Bioengineering Symposium, Copper Moun-
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retinal disorders. To fully implement a clinical prototype, the t@in, CO, April 2001

following tasks must be accomplished:

e Fully integrate the digital and analog tracking sub-
systems, 1.

« Fully characterize the lesion control subsystem and inte-
grate it with the two tracking subsystems, and

« Test the hybrid prototype systeim vitro on porcine reti- 3
nas andn vivo on pigmented rabbits.

Efforts to integrate the lesion control subsystem are under-
way. Ludwig designed and implemented a stand-alone con- 4
troller which collects confocal reflectance data from a forming
reference lesion in real time. When the ophthalmologist veri- 5,
fies the reference lesion is acceptable, the collected reference
parameters from the reference lesion are then used as a bench-
mark to form remaining therapeutic lesions. That is, when the
reflectance area of a forming lesion matches the reflectance
area of the reference lesion, the laser shutter is closed. The 7.
overall result will be consistent lesions across the retinal sur-
face, even under retinal tissue absorbance variation. Ludwig 8.
has extensively tested the prototype controller under labora-
tory conditions. Testing on retinal tissue is yet to be 9.
accomplished®?° We hope to have a fully functional proto-
type system capable of rapidly and safely placing therapeutic
laser lesions for the treatment of retinal disorders in the near
future.
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