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ABSTRACT

Laser scieral buckling (LSB) experiments were performed by irradiating human cadaver eyes with a
focused beam from a 2. 1-pm Ho:YAG laser. Spatially and temporally resolved temperature maps of the
sciera were inferred from infrared images ofthe tissue's thermal radiation. An infrared focalplane camera
operating in the 3- to 5-pin wavelength interval was used for the measurements, from which we derived
absorption and thermal diffusivity coefficients ofthe scieral tissue, along with the temperature dependence
of these coefficients. A thermal-response model was developed, which describes the tissue surface
temperature in response to a train oflaser pulses, given the pulse repetition rate, beam fluence, spot size,
and total energy delivered. This model provides guidance for optimization of laser4rradiation parameters
for LSB treatment.
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1 . INTRODUCTION

Laser scieral buckling (LSB) is an experimental procedure for treating retinal detachment where a
scieral indentationis created by laserinduced scieral collagen shrinkage.' The collagen fibers of the sciera
shrink at a temperature of 60 to 70 °C and recent research3 has demonstrated that effective collagen
contraction can occur at temperatures as high as 80 °C . A pulsed Hohnium:YAG (2. 1 jim) or
Thuliuni:YAG laser (2.01 pun) can generate the required temperature increase sufficiently deep within the
sciera to create a significant indentation effect.4 However, the energy per pulse and the total energy applied
to the sciera must be controlled precisely to avoid overheating of the superficial sciera or thermal damage
to the choroid and retina. To determine the energy required to create both an efficient and safe scieral
heating, the temperature distribution generated ax the surface and inside the sclera must be known.

Measurements with infrared-imaging techniques ofthe surface temperature ofthe sclera during pulsed
laser scieral heating are presented. Based on these measurements, the scieral absorption coefficient and
thermal diffusivity are determined, and we derive a thermal model for LSB. The model gives the
temperature distribution in the sciera as a function of laser parameters (peak fluence, spot size, repetition
rate, and number of pulses). Surface and volume temperature distributions are generated from this model to
help determine the appropriate laser parameters for performing laser scleral buckling.
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2. MATERIALS AND METHODS

2. 1 . Imaging system

The optical setup is shown in Fig. 1 . Infrared images were taken with a Mitsubishi 5 120A thermal
camera used with an electronic gain of 2 and an f-number of 3.2. A relay lens system was used with the
infrared camera to provide a magnification of -0.5. As the detector was a 5 12-by-5 12 array of platinum-
silicide detectors with a spacing of 22 .tm, the optical system allowed the observation of a 2.25x2.25 cm
square area with a spatial resolution of44 m. The thennal camera produced 5 12x5 12 data arrays of 8-bit
pixels. The images were recorded using a Panasonic AG-6300 video cassette recorder, were extracted with
a frame grabber at 30 frames/s, and were processed on a Sun workstation with IDL software.

Conversion of the images to temperature distributions was performed by comparison with flat-field
calibration data from a CI Systems SR-80-4D extended-area blackbody. Video recordings of the source
were made from 25 to 100 °C in 5°C intervals. At each temperature, the radiation source was recorded for
30 s, and a calibration image was generated by averaging several frames. A single pixel value could not be
used to characterize each temperature for the entire field ofview because the detector array and relay lens
system ofthe infrared imager produced a nonuniform response. To remove this shading effect, experimental
data were processed into temperature distributions by interpolation between the sixteen calibration images
on a pixel-by-pixel basis. This is equivalent to calibrating each detector independently. An image processed
in this way has the nonuniform response of the system removed, leaving for each pixel value the actual
temperature seen by a particular element ofthe detector.

2.2. Preparation ofthe eyes

Fresh human cadaver eyes donated by the Florida Lions Eye Bai± were used for these studies. Globes
with scleral or other ocular abnormalities and eyes that had a previous surgical procedure (e.g.,
keratoplasty, cataract surgery, vitrectomy) were discarded. Using an operation microscope, the globes were
denuded of remaining conjunctiva with a scalpel. No attempt was made to remove Tenon's capsule. The
globes were bisected through the antero-posterior optical axis and the iris, ciliary body, ciystalline lens,
vitreous and retinal-choroidal layers were removed. Scieral shells showing clinical signs of pathologies
were discarded. The halfscleral shells were immersed in saline solution (BSS, Alcon Inc., Fort Worth) for
storage prior to laser treatment, as this solution was shown to maintain the sclera degree of hydration
within normal physiological range (Sasoh et al. unpublished experiments). For treatment, the shells were
suspended and attached to the optical setup using 4-0 silk sutures. The thickness ofall scleral shells used in
these studies were physiologically normal. No attempt was made to raise the tissues to body temperature( 36°C) and all experiments were performed at room temperature (22 2°C).

2.3. Experiments

The eyes were irradiated with a pulsed Ho:YAG laser (2.1 gin, 250 gs, 5 Hz, 0-200 mJ) from Sunrise
Technologies. The laser output was delivered through a 400 -jun low-OH optical fiber. The fiber end was
imaged at the equator of the sciera with a calcium-fluoride lens. The beam width was varied from 2.3 to 2.7
mm and was measured with thermal paper. Twenty-five trials were performed in which the number of
pulses on the sclera was varied from 1 to 100. The energy per pulse was measured with a Molectron JD
500 Joulemeter.
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Data in this paper were taken from three trials in which 23 pulses were applied to the sciera. The
output of the fiber was imaged at the equator of the sciera to a 2.7-mm-diameter spot. The irradiance
distribution was approximately Gaussian. The energy per pulse was measured to be 144 mJ. The average
fluence per pulse was determined by dividing the energy per pulse by the beam area to be 'avg= 2.5J cm2.

The laser was applied nonnally to the scleral surface and the camera was positioned to image the sciera at
a 200 horizontal angle as shown in Fig. 1 . Foreshortening in the image was corrected by dividing the image
scale by cos(20°) 0.94 in the horizontal direction.

3 . THERMALMODEL

3. 1 . Heat-transferequation

The differential equation ofheat conduction in cylindrical coordinates for a homogenous, isotropic, non-
scattering tissue irradiated with a laser is given b?

82T 1 9T Ô2T p pc 5T 1 ffF
--j-+—--+---j-+---E(r,t)exp(—pz) =-j--- =; (la)

where T =T(r,z,t) is the temperature of the tissue, k is the thermal conductivity (W cm' °C '), p is the

density (g cm3), c is the heat capacity (J g' °C"), p is the absorption coefficient (cm'), a is the thermal

diffusivity (cm2 s'), and E(r, t) is the irradiance (W cm2). For a Gaussian beam, the irradiance is given by

E(r,t) =
,r:r2 P(t) exp(_ 2 r,>/2) (ib)

where w is the 1/c2 beam radius and P(t) is the power ofthe beam as a function oftime. For modeling
purposes we assume that for a pulsed laser, P(t) is approximately constant during a pulse and equal to
zero between pulses.

We assume an initial condition on Eq. (la) of T =1 for t = 0 and we assume a boundary condition of
T = T, for z = and r =b where b is the radial boundary. A convective boundary condition of

— — +H(T— T0) =0 is assumed at the tissue surface (z =0) where H is the convective constant (ciii1)
c?z

for the air-tissue interface.

3.2. Separation of the heat-transfer equation

c92T lc9T £92T
It can be shown that to a good approximation the diffusion terms, —i- + —--+—-, can be ignored

-
êr rut az

during the laser pulse when the diffusion time is small (t = 250 Lts), but between pulses (t = 200 ma) the
diffusion terms can not be ignored. For a single laser pulse, Eq. (la) then becomes
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/1 E(r,t) exp(—/i ) = PC (2)

during a pulse where T = T(r,z,t) is the scieral temperature due to the pulse and

82T lOT c9T lOT—+——+—--=——— (3)
Or2 rOr 0z2 aOt

between pulses where T =T(r,z,t) is the temperature resulting from diffusion oftime t.

Equations (2) and (3) are referred to as the generation and diffusion equation, respectively. Their
solution allows determination ofthe absorption coefficient and thermal diffusivity of irradiated tissue from
surface4emperature measurements.

3.3. Calculation ofthe absorption coefficient

We assume that the absorption coefficient varies linearly with temperature according to
/1 = /A0 +fiT(r,z,t). Thenthe solutionto Eq. (2)at r=z=O fora singlepulse is given by

(pr' p(T)[ (i " 1
Tf T(O,O, ,) = T1ex—-J+

'
[exi—-J

—

1]
(4)

where i(T1 ) is the absorption coefficient (cni') corresponding to the peak surface temperature before the
pulse, Tf is the peak surface temperature after the pulse, I =E0z is the peak fluence of the pulse

(J em2) and is the pulse width (s).

The increase inpeak scleraltemperature at r=z=O dueto alaserpulsemaybe written as =T-1j
where Tf is calculated with Eq. (4) and T1 is the peak surface temperature before the pulse. Furthermore,
for a Gaussian beam we assume that the temperature rise throughout the sclera will be given by

bJ(r, z) = exp(—2 r,22)exp(_p (1)z). (5)

Solving Eq. (4) for the absorption coefficient, p(T1) ,gives

F

[Tf
-T

exI&—Jjfi
u(T1)=

exp-J_l
. (6)

Anapproximate expression for Eq. (6) under the condition 1/pc<<1 is given by
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The decrease in sciera temperature following each pulse was measured with the thermal-imaging system
and was used with Eq. (9) to determine numerically the thermal diffusivity, a(T) , of scieral tissue. The
measured peak temperature drop after each pulse was compared to the decrease calculated with Eq. (9)
with r = z = 0. The thermal diffusivity in Eq. (9) was adjusted until the modeled and experimentally
measured temperature decreases agreed to within 1%. Using this technique, the thermal diffusivity was
determined for the time interval following each pulse and was recorded as a function of the peak surface
temperature to yield a(T1).

3.5. Thermal model for a pulse train

The heat equation for multiple pulses was solved by adding the initial tissue temperature to the
temperature response from each pulse with a time delay. The tissue temperature after n pulses can be
writn:

T(r,z,t)=1+Tj(r,z,t—t) (10)

where T0 is the initial (t =0) tissue temperature, t is the time at which the jth pulse is fired, t' = t —t is
the diffusion time for the jth pulse, and 1 is the temperature response from the jth pulse. The response 1

consists of the temperature rise caused by a pulse and the subsequent temperature drop that results from
diffusion and is given by Eq. (9).

The temperature resulting from a series of pulses is obtained by solving Eq. (9) for each pulse and
adding the responses with Eq. (10). Temperature distributions were calculated for a range ofvalues of peak
fluence, I , beam radius, w, and number of pulses, n. The absorption coefficient, p(T1) , and thermal
diffusivity, a(T), were taken from the previously calculated values. The peak surface temperature of
scieral tissue as a function oftime was calculated by solving Eqs. (9) and (10) as a function oft with r =0
and z = 0 . To calculate depth temperature profiles that correspond to the maximum temperature reached in
the sclera, Eqs. (9) and (10) were solved with r = 0 as a function ofz for the time, t, immediately after the
final pulse is applied.

3.6. Optimum parameters for LSB

Laser scieral buckling was simulated with our thennal model under various treatment parameters (peak
fluence, spot size, and number of pulses) and the resulting temperature distributions were compared to
predefined damage and shrinkage criteria. For effective LSB treatment, shrinkage temperatures should be
reached as deep in the tissue as possible, while minimizing tissue damage. We assume a shrinkage
threshold of 60°C for scieral collagen. We assume damage thresholds of 85°C for the sclera and 43°C
for the sclera-choroid boundary (1 mm). The beam parameters which produced temperature distributions
that were within these thresholds and gave the largest shrinkage depths were considered optimal.
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4. RESULTS

4. 1 . Thermal measurements

Figure 2 shows the evolution of peak surface temperature ofthe sciera as a function of time in one of
the trials in which twenty-three pulses were applied to the sciera. The spikes indicate the maximum
temperature observed for each laser pulse. A temperature rise is observed in response to successive pulses
and a decay is observed for a few seconds after the final pulse. The maximum scieral temperature for the
trial is observed to be 99 °C and occurs at the twenty-second and twenty-third pulses. This is consistent
with the temperature limit for tissue containing water which is 100°C.

Figure 3 shows a cross-section ofthe spatial distribution ofthe surface temperatures for several laser
pulses immediately after each pulse. The distributions are approximately Gaussian. The surface
temperature rises rapidly during the first pulses and remains almost constant during the last pulses.

4.2. Accuracy ofthe measurements

Limitations ofthe calibration process include issues of system noise and stability. Noise in the image
data consists ofrandom pixel variations caused by camera electronics. This produced an rms noise level of
about 0.3 °C in our measurements. The main stability issue ofthe camera is a cooler cycle with a period
of about 32 s and a temperature range of about 1 °C . Another stability issue is a shift in the camera's
pedestal position resulting from fluctuations in room temperature or any other stress on the camera's
cooling system. Each of these variations was corrected by subtracting from the images the variations of
background reference pixels. It was determined that when correcting stability shifts by this method, an rms
error of about 0.3 °C remains. The total rms error in our temperature measurements was determined from
the noise and stability rms errors to be about 0.4°C.

4.3. Absorption coefficient for scleral tissue

A first estimate ofthe absorption coefficient for scleral tissue as a function ofpeak surface temperature
was obtained with Eq. (7). The density, p , andheat capacity, c , were taken for a tissue which is composed
of 70% water. These values are approximately7 p = 1 .09 g em and c = 3.35 J go C '. Because the

beam profile in the experimental trials was of the form I =
Ioexp(—2 r,/2) , the reak fluence is

10= 5.0 J em2 which is twice the average fluence. Substituting these values for p, c , and I into Eq. (7)
gives

pcT
4ti(T) = P o73 x (11)

The absorption coefficient for scleral tissue was estimated with Eq. (11) for three trials by measuring
the peak surface temperature rise, resulting from each pulse. The calculated absorption coefficient

was found to have a nearly linear dependence with temperature. The data was fit to the
linep(1) = p0 + fiT1 by minimizing rms error. The absorption coefficient was then recalculated with
Eq. (6) until the measured slope, /3, converged to the value used in Eq. (6). Figure 4 shows the resulting
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data. The absorption coefficient (cm') for scieral tissue at 2. 1 pm is found to be given by
i(T1) = —0.1x T +28 where T1 is the peak scieral temperature before absorption. The mis error between
this line and the data points is found to be 1 .1 cm' . This curve is found to decrease from 26 cm' at 20°C
to 20 cm' at 80 °C . For room temperature, the value is 26 cni', which is equal to a previous measurement8
for the absorption coefficient ofcorneal tissue.

Previously calculated absorption coefficients9 for 2. 1 jim Ho:YAG irradiation are shown in Fig. 4 for
pure water which were calculated from transmission experiments and from spectrophotometer data. It
should be noted that the absorption coefficient for scieral tissue is plotted as a function of peak surfice
temperature during laser irradiation while the absorption coefficient for pure water is plotted as a function
of a temperature which is spatially uniform. Figure 4 shows that the absorption coefficient calculated for
scieral tissue has a more steeply declining slope than the absorption coefficient for pure water. This may be
explained by the dehydration of the tissue with each pulse as water is the main absorber of midiiifrared
radiation in tissue.

4.4. Thermal diffusivity for scieral tissue

The thennal diffusivity of scleral tissue as a function ofpeak temperature before diffusion was obtained
by measuring the temperature drop after each pulse in three trials and comparing to that calculated with Eq.
(9). Equation (9) was solved iteratively for each pulse by adjusting the thermal diffusivity, a(Tf) ,until the
experimental and calculated temperature drops were in agreement. Agreement to within 1% was typically
achieved after 5 to 10 iterations. The resulting data for thermal diffusivity versus peak temperature for
scieral tissue is shown in Fig. 5. The data points were fit to a straight line by minimizing rms error. The

resulting thennal diffusivity for scieral tissue is given by a(T.) —22x 105x T, +2.9x iO in units of2 s' where T1 is the peak scieral temperature after a pulse. The rms error between this line and the data
points is found to be 1 .4 x 1O cm2 s'. The linear fit decreases from 2.Ox iO cm2 s' at 40 °C to O.7x iO2s at 100 °C . Also shown in Fig. 5 is the thermal difflisivity for pure water as Calculated from known
values'0 ofthe density, heat capacity, and thermal conductivity, ofwater. The more steeply declining slope
ofthe thermal diffusivity versus temperature for scleral tissue is probably a result ofthe dehydration of the
tissue during the LSB procedure as the thermal diffusivity for tissue decreases with decreasing hydration7.
It should be noted that a constant value ofthe thermal diffusivity was assumed between pulses. In reality
the thennal diffusivity changes continuously as diffusion occurs and the tissue cools. Because the time
interval between pulses is small (0.2 s), the error induced by this assumption should be small.

4.5. Thermal models ofLSB with various pulse parameters

Equations (9 and (10) were solved with various pulse parameters to generate LSB temperature
profiles. Absorption coefficients, p(l), and thennal diffusivities, a(Tf), were used for each pulse from
the previously calculated values. To calculate the peak surface temperature of scleral tissue as a function
oftime, Eqs. (9) and (10) were solved with r=O and z=O as a function of t . To calculate the depth
temperature profile, Eqs. (9) and (10) were solved with r =0 as a function of z.

The peak scleral surface and 1-mm-depth temperatures were calculated for various beam parameters.
All calculations were made with a convective constant of H 5 cm' and an initial scleral temperature of
35°C. Peak scleral surface temperature (r=O mm, z=O mm) and the temperature of the sclera at a depth
of 1 mm (r = 0 mm, z = 1 mm) were determined as functions of the number of pulses applied and the
average fluence of the beam. A pulse rate of 5 Hz was assumed.
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Figure 6 shows the modeled peak scieral surface (r = z = 0) temperature responses to 2 pulses from a
Ho:YAG laser source as a fimction of time with an average fluence of 2.5 J cm2. The beam radii, w,
range from to 0.25 to 1.5 mm. The total energies, E, are calculated as E = itW2lavg 1fld range from 5 to
177 mJ. Figure 7 shows the corresponding temperature as a function of depth (r =0) in the sciera
immediately after the second pulse. Figure 7 shows that the shrinkage depth for a beam with a radius of 1
mm is about 0.37 mm and the shrinkage depth for a beam with a radius of 1.5 mm is about 0.4 mm.

4.6. Optimum parameters for LSB

It was found that under the established damage thresholds, the largest obtainable shrinkage depth is
about 0.4 mm, which occurs for a fluence of 2.5 J cm2 and 2 pulses. The scieral temperature at a depth of
1 mm for this trial was found to be 43 °C , whichis at the threshold of choroidal damage. However because
of the cooling effect of blood circulation in the retina, the actual choroidal temperature during surgery
would be slightly lower than this. Using a more accurate calculation for the retinal damage threshold will
probably result in less restrictive conditions on the peak fluence, beam diameter, and number of pulses that
can be used for LSB. With these new parameters, shrinkage depth might be increased without causing
thennal damage to the sciera or retina.

5. CONCLUSIONS

JR imaging data of the laser scleral buckling process were collected. From these data, temperature
distribution images and piots were generated with 33-ms temporal resolution and 44gm spatial resolution.
The absorption coefficient and thermal diffusivity of scieral tissue and their dependence on temperature
were determined from the temperature data. The absorption coefficient was found to vary from 26 to 20
cm' over the temperature range from 20 to 80 °C and has a more steeply declining slope than previous
measurements made for pure water. The thermal diffusivity was found to vary from 2.0x i0 to 0.7X i0
2 over the temperature range from 40 to 100 °C and has a more steeply declining slope than the
thermal diffusivity versus temperature for pure water.

The large variation with temperature of the absorption coefficient and thermal diffusivity indicate the
need to use temperature dependent thennal and optical properties in thermal models of pulsed laser tissue
heating to prevent significant errors in temperature calculations. In addition, both the absorption coefficient
and the thennal difflisivity versus temperature curves for scieral tissue were found to have a more steeply
declining slope than for pure water. This may be a result of the reduction of water in the tissue during
surgery and suggests that the effects of changing tissue hydration should by included in thennal models of
multipulse tissue irradiation.

A thermal model is developed which, based on the measured absorption coefficient and thermal
difflisivity, provides a method for generating scieral surf.ce and depth temperatures for various pulse
parameters. From this model, temperature responses were generated for LSB procedures perfonned over a
range of fluences and number of pulses. Modeling demonstrated that LSB performed with an average
fluence of 2.5 J cm2, a beam radius of 1 mm, and 2 pulses produces a shrinkage depth of 0.37 mm, which
is acceptable for LSB treatment. For these parameters, the peak sclera temperature and the temperature at
a depth of 1 mm were below their respective damage thresholds.
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This work demonstrates a convenient method for determining the absorption coefficient and thermal
diffusivity of ocular tissue with infrared imaging. With appropriate modeling techniques, these methods
may be extended to determine other tissue properties such as density, hydration, specific heat, and
conductivity. The methods used in this paper may be extended to determine the thermal and optical
constants for various wavelengths, tissue types, and surgical processes.
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