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Abstract. Laser-induced heating in an ocular phantom is measured
with magnetic resonance thermography (MRT) using temperature-
dependent phase changes in proton resonance frequency. The ocular
phantom contains a layer of melanosomes isolated from bovine reti-
nal pigment epithelium. The phantom is heated by the 806-nm output
of a continuous wave diode laser with an irradiance of 2.4 to 21.6
W/cm? in a beam radius of 0.8 or 2.4 mm, depending on the experi-
ment. MRT is performed with a 2T magnet, and a two-turn, 6-cm-
diam, circular radio frequency coil. Two-dimensional temperature
gradients are measured within the plane of the melanin layer, as well
as normal to it, with a temperature resolution of 1°C or better. The
temperature gradients extending within the melanin layer are broader
than those orthogonal to the layer, consistent with the higher optical

absorption and consequent heating in the melanin. The temperature
gradients in the phantom measured by MRT closely approximate the
predictions of a classical heat diffusion model. Three-dimensional
temperature maps with a spatial resolution of 0.25 mm in all direc-
tions are also made. Although the temporal resolution is limited in the
prototype system (22.9 s for a single image “slice”), improvements in
future implementations are likely. These results indicate that MRT has
sufficient spatial and temperature resolution to monitor target tissue
temperature during transpupillary thermotherapy in the human eye.
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1 Introduction the volume of the treated organ or tissue. A noninvasive

For more than two decades, whole-body or localized hyper- méthod of temperature measurement in the irradiated volume
thermia as a primary or adjunctive treatment for cancer has is Well suited for the clinical setting, as it minimizes stressful
been investigateti.” Other applications in which localized interventions to the patient, and reduces the possibility of con-
thermotherapy have been used include treatment of cardiacfounding interactions between the laser radiation and the mea-
arrhythmia® the release of drugs from thermolabilized surement system, as would be the case if an invasive tempera-
carriers}'®and treatment of tumors and choroidal neovascu- ture probe were used within the treatment area. With the goal
larization in the eye by dlfe_flig, near-IR laser irradiatig00 to of performing noninvasive thermography during ophthalmic
810 nm through the puplf~** (transpupillary thermotherapy,  procedures, we have used magnetic resonance thermography
_orTTT).ApotentlaI advantage of Iaser-ln(_JIuced hyperthermia (MRT) to measure laser-induced hyperthermia in a tissue
IS that the thermal therapy can be restl_rlc_ted to the t""rgetedphamom of the same general size as the human eye.
tissue(as compared to modalities more difficult to focus, such . . .

Magnetic resonancéMR) thermal imaging depends on

as ultrasound or radio frequency radiadioRor treatment of several parameters that are known to be temperature deen
ocular lesions, such as choroidal neovascularization, precise P P P

control over the area of treated tissue is critical, owing to the d€nt- The mostimportant of these for apgllcatlon to thermog-
close apposition of the neurosensory retina and retinal pig- "@Phy are the proton diffusion constdfit® and the proton
ment epithelium to the choroid, from which the lesions resonance frequenty®® (PR of water molecules contained
arise’® Therefore, the successful application of TTT in the in the tissue. These methods as well as other techniques for
eye, or thermotherapy applied to other small organs, requiresgenerating temperature-dependent signals detectable by MR
accurate measurement and control of temperature throughouhave recently been reviewddOf all these methods, tempera-
ture measurement based on PRF is probably the most sensi-
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Fig. 1 Schematic of the experimental setup. The ocular phantom was placed on a two-turn, 6-cm-diam, circular radio frequency coil, in the
45-cm-diam bore of a 2T MR imager. Three reference phantoms were placed alongside the main phantom. Independent temperature measurements
were made with Vitek fiber optic temperature probes. The laser was brought into the MR cavity with an optical fiber, and the 806-nm beam focused
into the phantom with lenses L1 and L2. The orientation of the applied magnetic field, By, is indicated on the diagram. Phase images were
obtained using a Tecmag Libra console.

We implemented MRT based on PRF to measure IR-laser- thickness. The sandwich was placed in the middle of the bea-
induced temperature changes in an ocular phantom to evaluateéker, and clear agarose was poured in around it.
the suitability of this technique for clinical applications. This
method was shown to be capable of generating 3-D tempera-2.9 R [aser Irradiation of Phantoms
ture measurements in the phantom, with sufficient spatiotem-
poral resolution for practical measurements in the animal or

human eye. In addition, IR imaging was combined with MRT cw maximum output power at 806 niPower Technology

and found to be useful for _studylng_ the propagation of the Corp, Little Rock, Arkansags The experimental optical and
laser beam through a scattering medium containing an absorp-

. . . . temperature-recording arrangement is shown in Fig. 1. The
tive layer of melanin, analogous to that found in the intact .
laser console was situated about 4.5 m away from the center

The laser source used in this study was an HPM-F1 laser
diode module with a built-in fiber launch that produced 1-W

eye. of the MR magnetic field. The laser emission was delivered
into the cavity of the MR instrument using a 5-m-long, 600-

2 Methods um-diam core, multimode optical fibé©z Optics, Carp, On-
tario, Canada An in-line, fiber optic variable attenuat¢®©z

2.1 Ocular Phantoms Optics controlled the laser power delivered to the phantom.

Two types of phantoms were used during the course of this Two lenses were used to collimafiel, 50 mm focal length
research. A uniform ocular phantom was constructed by filling and focus(L2, 11 mm focal length the laser beam on the
a 22-mm-diam, cylindrical glass cuvette with either clear, 1% phantom target inside the MR cavity, as shown in Fig. 1. The

agarose(Sigma Chemical Co., St. Louis, Missoyror 1% lenses and fiber optic were mounted and aligned in a nonmag-
agarose containing a uniform suspension of melanosomes isonetic holder. Separately, the focused laser spot size at the tar-
lated from bovine retinal pigment epitheliuRPE), as previ- get was imaged with a BeamView Analyzer PC laser beam

ously described! The agarose was dissolved in distilled wa- profiler (Coherent Inc., Instruments Div., Auburn, California
ter, heated to 60°C, poured into the cuvette, and allowed to and was found to be an approximately Gaussian beam. In
gel. The uniform phantoms were used only for calibration of these experiments, two laser beam sizes on the target were
the MRT temperature response, as described in Sec. 2.3. Foused: a small spot witl/e? radius of 0.8 mm, and a large
experiments involving laser radiation, a nonuniform phantom spot with1/e? radius of 2.4 mm.

containing a thin layer of melanin was constructed using a  The laser power at the target position was measured with
10-cn? Pyrex glass beaker, also of approximately 22-mm di- an EPM 1000 energy/power meter equipped with a MP3 ther-
ameter. The melanin layer was formed by mixing a suspen- mopile detector hea@lolectron, Eugene, OregenDepend-
sion of bovine RPE melanosomes in agarose at a granule dening on the experiment, the target irradiance was varied over
sity estimated to be similar to that in native RPE, i.e., the range of 2.4 to 21.6 W/cmThis was determined by plac-
approximately’ 10'° melanin granules/ml. This melanosome- ing the power detector at the position of the phantom and
agarose suspension was sandwiched and allowed to gel betaking into account the small attenuation due to the glass ves-
tween two microscope cover slips, forming a layer of 1.5 mm sel and the agarose. Laser beam alignment was visually
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checked using a Find-R-Scope IR view&JW Optical Sys- agarose, but was almost entirely absorbed and scattered
tems, Palatine, lllinojsto ensure that the laser beam was cen- within the melanosome laygrefer to Fig. 3a) in Sec. 3.2.
tered in the ocular phantom. This was considered to be a close approximation of the be-
havior of near-IR light in the vertebrate eye. To obtain a time
2.3 MR Thermography course of the heating in the phantom, a 2-D, gradient echo

) ) imaging sequence was used with repetition tifiR) of 210
All MRT experiments were performed in the MRI Laboratory s “echo timeTE) of 12 ms, and the flip angle was 40 deg.
of the Research Imaging Center at the University of Texas gjght slices were acquired with images obtained every 22.9 s.
Health Science Center at San Antonio. Measurements Wererpe in_plane resolution was 0.25 mm with a slice thickness of
made using a PRF method similar to that described by Vitkin y 5 mm_six images were taken before the laser was turned on

et al** For MRT methods utilizing PRF, the image phase dif- 24 these were averaged to provide a phase reference image.
ference is linearly dependent on the change in temperature a§ sser-induced heating was applied for 15 to 20 min, and im-
follows: ages were taken sequentially throughout the exposure period.
A 3-D temperature map was obtained in the melanin-layer
Adp=ayBoTE AT, 1) phantom, using a 3-D gradient echo imaging sequence provid-
whereA¢ is the phase difference is the gyromagnetic ratio  ing an image 00.25<0.25<0.25 mmresolution in each di-
for protons,B, is the magnetic field strength is the thermal ~ rection. In this gradient sequenceR=40 ms, TE=12 ms,
coefficient (chemical shift, TE is echo time, andAT is and the flipangle= 20 deg.The total time required for a 3-D
change in temperature. A two-turn radio frequency surface scan was 8 min. A 3-D image prior to heating was acquired as
coil of 6 cm diameter was used as the transceiver. Imagesthe reference image, as well as two 3D images after the laser
were obtained using an Oxford Magnet Technology 2T, 45- had been turned on. Acquisition of the first image commenced

cm-diam bore, superconducting magr@xfordshire, En-  with the onset of laser exposutehe center ofk-space was
gland, equipped with actively shielded Magnex gradients and after 4 min, while the second image was acquired after the
a Tecmag Libra consoléfecmag, Houston, Texas completion of the laser exposuftthe center ofk-space was

To calibrate the MRT measurements in terms of absolute after 13 min). Three-dimensional scans were acquired during
temperature, an experiment was performed with a phantomheating of the phantom with the sm&ll.8 mm radiugas well
containing a uniform distribution of melanin granules, con- as the largg2.4 mm radiuglaser beam spot sizes.
structed as described in Sec. 2.1. The phantom was heated by
passing warm water from an external circulating water bath 9 4 Thermal Model
through Tyvek tubing wrapped around the phantom. When
thermal equilibrium was reached, the water flow was stopped.
MRT was performed by subtracting the phase images of the
ocular phantom at two different temperatures, and construct-
ing a phase difference map, from which the temperature dif-
ference was calculated using E@.). To correct for phase

drifts due to ambient temperature changes unrelated to tem-tO determine optical properties of RPE melanin. The scatter
perature shifts in the ocular phantom, thermally isolated ref- . iN€ optical propert anin. )
ing coefficients were found to be much higher than the ab-

erence phantoms, consisting of small tubes of agarose, were orption coefficients of melanin at visible wavelengthi
placed adjacent to the ocular phantom. On the assumption thatO'P ’

the phase in the image of the reference phantoms remaineoﬁggrtn'; :{ﬁgﬂnihlﬁewgfgivbee rﬁ;p?](i:ttjc?etc(;fb;acs:lhmcl:lg;flf?citehrft
constant, the relative temperature change map of the ocular ' 9 9

phantom was corrected by comparison to the phase of threewould be lower than the corresponding visible wavelength

points in the image of the reference phantoftisee points values®® M_oreover, the exact values depend slightly on the
enabled an image plane to be definethe reference phan- concentration of melanin in the phantom. Thus, when com-
toms had length, which enabled the correction of 3-D images. pared_ with visible wavelength lasers, '?‘Sefs emitting in the
Gradient echo images were obtained at various phantom tem-1€ar mfrared(e.g., 806 nm quelengM|ll experience 'e$5 .
peratures. From these images, the valuexathe chemical scattering and correspondingly increased transmission
. ' PN . . through nontransparefiturbid) media.
shift) was found to be 0.0102 ppm/°C, consistent with general S imolifyi i de. The th |
PRF temperature measurements for biological tissu@se di c;me simp n;ymg ;ssurrr:p |§)ns Welrle made. Iet dermad
signal-to-noise ratigSNR) for the temperature measurements :r?atlgrl'g? c%vxgilanrtzm erg g k?a?] (121 t;'ga i;’g?r‘:'] r;i% etinee ’.n%r;_
was calculated as the inverse of the standard deviation of the ' S W ) unitort : !
phase over the region of intere@®Ol) in the heated sample. p_endent. The optlcal properties of the material were a_lso con-
For absolute calibration, the temperatures inside the oculalrs"dﬁ"fﬁI tq re_ror|1a|rt1 pcf[nsta}tntldunng_temp?trature elevtz_:\tlo?.
phantom and in the references were measured independently, € Incident intensity, o(r) _(|n watls per centimeter
with an accuracy of 0.1°C, using Vitek fiber optic temperature Squaredlof a cylindrical, symmetric laser beam penetrates the
o : surface, then the intensity of the direct bedffnis
probes(Boulder, Coloradpplaced in the phantoms.
For all laser-induced heating experiments, the layered B _ B
phantom consisting of a melanin layer embedded in clear aga- IE(r.z)=lo(r)exp = n2), )
rose was used, as already described. The melanin itself hasvhere
natural Tl contrast in MRI. The 806-nm light emitted from the
diode laser source was not significantly absorbed in the clear M=t s, ©)

A model for the transient thermal tissue response to continu-
ous diode laser output was used to predict the temperature rise
and to compare it with the MRT measured values. The ther-
mal model accounted for the effect of light scattering, which
is predominant in the case of melanized tissue. In previous
work, the inverse adding doublingAD) method® was used
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and u is the extinction coefficienty, is the (direct) absorp- 350

. . R . . . r ———— MRT messurem ent
tion coefficient of radiation, ang is scattering coefficient 300 [~ —— Theoretiodl model

(redistribution) of radiation out of the beam. However, the
intensity of scattering radiation dt,z) is the sum of direct
intensity as result of depolarization and other randomizing
effects, and can be written as for cylindrical symméftry?

Ms o0 2 D
Isr,z:—f r’dr’f de"f dz’
(r.2) 4w Jo 0 0

lo(r")exp(—uz —lws) . : ; 1
X2 qlz,u Hs , (4) 0 100 200 300 400
Expoaure time (32}

Temperature rise { °C)

wherel is the distance between pointse., intensity of radia-
tion arriving at(r’,6’,z'), to which light has been scattered Fig. 2 Heating time course in the layered phantom during cw IR laser
from (r,02Z) with coefficienty in cylindrical coordinateks exposure, as determined by MRT. The solid line shows the tempera-

h £ 1i | diati ture change at the hottest point in the phantom, within the melanin
The temperature response of tissue to a laser ra IatlonIayer, measured by MRT in sequential images during laser irradiation;

sourceS is governed by the following heat equaﬁ’&n the dotted line shows the heating time course predicted by the heat

diffusion model; and the error bars on the MRT measurements show

oT the standard deviation of the phase measurements, converted to tem-

pC—= KV2T+ S, (5) peratures. Laser heating was applied for 15 min; the temperature mea-

at sured in the phantom during the first 400 s of the experiment is shown

whereT is temperaturep is density(in kilograms per cubic in thi§ figure. The ordinate shows .the temperature increase in_the
metey, ¢ is the specific heatl/kg K) of the substance, arid melanin Iayer of the .phantom durlng laser irradiation. Taklng into
. - ; account minor scattering and absorption of the 806 nm laser in the
is the thermal conductivityw/m K). The source function can  je, agarose of the phantom, the target irradiance was calculated as

be expressed as 21.6 W/cm? at the melanin layer of the phantom, where the laser

beam radius (1/e%) was 0.8 mm.
S(r,z,t)=pu[1%(r,z,t) +13(r,z,1)]. (6)

This enters the heat equation linearly as a driving function.
The laser beam profile is considered as a Gaussian profile
with laser beam waisty:

performed with the ProStat statistical software pack@dyy
Software International, Pearl River, New York

lo(r) =1 exd —(r/ro)°]. (n 27 IRImaging

IR photography was performed using a Sony F717 digital

camera set to its “nightshooting” operational mode, i.e., with

P2 ) the CCD imager set to record only near-IR light. Images were
U taken of the phantom during 806-nm laser irradiation and then

An analytical solution of the heat differential equation by us- transferred to a personal computer for processing and display.

ing the Eigenfunction with the relation betwekhand|® has

been discussed in detdfi.In the current application, these 3 Results

problems were solved numerically by using Math¢hhth-

soft Engineering, Cambridge, Massachuggtise results of 3.1 Measurement of Heating Time Course

the computation were displayed graphically, as will be shown Temperature profiles within the layered phantom during con-

This distribution corresponds to total input power:

in the following. tinuous application of the 806-nm diode laser were measured
using MRT, and compared to the theoretical values predicted
2.5 Image Analysis from the heat diffusion model. The optical properties assigned

Phase maps were reconstructed from adjusted phase drifts usto the melanin layer phantom were as followscattering co-

o = oy ' e
ing IDL (Interactive Data Language from Research Systems, iﬁécge;szbf #}: iLnerr’n:In%éﬁgf:nrglov?/erc:e:zﬁfnm '“;
Inc., Boulder, Coloradp using the three-point phase correc- _4'4 3/ rﬁo'c . ¢ tor andK =7x 10~3 W/ fc
tion method described in Sec. 2.3, and by previous c (i.e. as for wates andK = cm

authors?®>34Temperature maps were then calculated using Eq. and were assumed to be uniform throughout the phantom.
(1). During steady exposure, the time course of heating was

obtained by serial MRT measurements as described in Sec.
o ) 2.3. The layered phantom reached 75% thermal equilibrium
2.6 Statistical Analysis after a laser exposure of 25 to 30 s, as shown in Fig. 2, with
The agreement between the temperature measurements oha target irradiance of 21.6 W/¢mat the center of the phantom,
tained by MRT and the heating of the phantom predicted by and the 0.8-mm-radiuél/e?) laser beam. The experimental
the heat diffusion model was assessed by performing?a  example shows that the steady state temperature reached
statistical test on the difference between the two. Yheests within 60 s was 30°C above the initial baseline, which is very
the hypothesis that there is not a significant difference be- high relative to the temperature achieved in typical hyperther-
tween the observed and predicted values. Statistical tests weremia treatment. Also shown in Fig. 2 is an estimate of the error
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Fig. 3 (a) IR image taken of the 806-nm laser beam propagating 4 a3 5 H H H
through the layered phantom. The IR image was taken with a Sony Distanca imm)
F717 camera in “night shooting” mode (near-IR imaging mode) of a e
laboratory setup outside the MR cavity. During the actual experiment
the laser beam incidence was normal to the melanin layer. (b) MR Fig. 4 Orthogonal temperature profiles in the layered phantom during
magnitude image of the layered phantom. The melanin layer appears laser exposure. (a) The phase image of the phantom during laser-
brighter than the surrounding clear agarose because of the inherent T1 induced heating; the dark band near the top of the image is an artifact
contrast of melanin. in the phase unwrapping algorithm. The white lines in the figure in-

dicate the relative orientations of the temperature gradients with re-
spect to the melanin layer in the phantom. (b) Graph of the tempera-

in the 2-D MRT measurements. Prior to the start of laser ture gradients in the phantom as a function of displacement from the
heating, the standard deviation of the phase in six consecutive/°? Point of the laser beam in the melanin layer. The filled symbols
e . o . represent MRT measurements in a slice extending through the hottest
2-D images was 0.047 rad, corresponding to 0.72°C. This point in the phantom, i.e., within the plane of the melanin layer
implied that the temperature resolution in the unheated samplethrough the laser focal point; while open symbols represent MRT mea-
was better than 1°. During laser heating, however, the SNR surements in a slice running through the laser focal point, in a plane
declined, and the standard deviation of the phase increasedperpendicular to the melanin layer. Both image slices extended across
leading to an estimate of measurement error of 1.4°C. This is the E”““?Wgth of thi pha_”tomTShmOOth lines th“’ugg‘, both ,dat,a s
- A . : . are best-fit Gaussian functions. The temperature gradient within the
indicated by the error bars in Fig. 2 for the tlme points starting melanin layer is broader than the gradier?t across %he layer extending
at 75 s after the Ons_et of laser exposure,_ i.e. for MRT mea- 5 the clear agarose on each side of the layer, due to the greater
surements made during steady state heating. scattering and absorption of the laser energy in the melanin granules.
The agreement of the observed heating time course with
the rate predicted from the thermal model was very good, as
shown in Fig. 2. Ay? statistical test of the agreement between resolution was sufficient to distinguish between temperature
predicted and observed heating time courses returned a valuggradients measured within the plane of the melanin layer, and
for x? of 2.00, well within the critical value of 8.67 for 95% those orthogonal to the layer, as shown in Fig)4The gra-

confidencg17 deg of freedomthat the observed values were dient within the melanin layer is wider compared to the or-

well correlated with the predicted values. thogonal profile. That difference can be explained by the low
optical absorption of the laser beam within the clear agarose,
3.2 Spatial and Thermal Resolution of 2-D MRT in contrast to the high optical absorption—and hence,

The spatial resolution of the MRT method was assessed byheating—of the laser beam in the melanin layer.

during infrared laser exposure. A difference in the spatial tem- the PRF method may approd€i0.1°C. By using an external
perature gradients due to the nonhomogeneity of the melaninwater bath to heat the phantom uniformly to a known tem-
gation of the laser beam through the phantom was revealed byabsolute temperature could be derived from the temperature-
IR imaging. The beam propagated with a small amount of dependent phase changes in the image. In addition, by com-
scattering and very little absorption through the clear agarose Paring the agreement of MRT of the water-bath heated phan-
gel, but was highly scattered and absorbed in the melanintom, determined from 2-D images, with temperature
layer[Fig. 3@)]. A corresponding MR magnitude image of the Measurements made with a Vitek probe, an estimate of the
phantom is shown for Comparlson in Flgb3 Because of its accuracy of the method was attained, and was found to be
paramagnetic momeftthe melanin layer has higher T1 con- within 0.5°C, at least for temperature excursions less than
trast than the surrounding agarose. Temperature gradientslO°C.

were measured in the layered phantom using MRT during ]

laser exposures delivering sufficient power into the phantom 3.3 3-D Temperature Profiles

to produce heatingFig. 4). A thermographic image was con- Once at the thermal equilibrium, volume image scans were
structed by obtaining the phase difference between a magneticmade to construct a 3-D thermographic image of steady-state
resonance image taken prior to the onset of the laser, and onéneat flow through the phantom, starting from the focal point
taken during the laser exposure. The thermogragpiase of the laser beam where it interacted with the melanin layer.
difference image is shown in Fig.(@). The spatial resolution  The spatial resolution of the 3-D images was 0.25 mm in all
of the MRT images was determined by the number of image three axes. The data sets shown in Fig. 5 illustrate the tem-
voxels within the physical field of view. The in-plane resolu- perature topography inside the volume of the phantom. We
tion of the 2-D MR images was 0.25 mm. The MRT spatial can appreciate that the temperature gradients follow a Gauss-

Journal of Biomedical Optics ¢ July/August 2004 * Vol. 9 No. 4 715



Maswadi et al.

(A) Focused beam 0.08mm spot size

T emperature rive { " C)

(B)

(B) Unfocused beam 2.4mm spot size

Fig. 5 Surface plots taken from 3-D temperature maps of the layered
phantom during steady-state laser exposure: thermograms resulting
from exposure of the phantom to (a) the 0.8-mm-radius laser beam
and (b) the 2.4-mm-radius laser beam. The inset at the upper right-
hand corner of each graph shows the phase difference image (thermo-
gram) of the melanin layer (the image slice was taken within the plane
of the melanin layer). The thermograms illustrate the temperature gra-
dients spreading out into the phantom, away from the center of the
laser beam impacting the melanin layer. The view of the surface plot
is approximately 90 deg to the axis of the incident laser beam.

ian profile due to the Gaussian distribution of power in the

laser beam. The diameter of the laser beam irradiating the

phantom also affected the shape of the 3-D heating profile.
The 3-D thermogram resulting from exposure to the 0.8-mm-
radius laser bearfshown in Fig. %a)] is narrower than the
thermogram produced by the 2.4-mm-radius bg¢ahown in

Fig. 5b)]. The SNR for the 3-D magnitude image was 11.5
(calculated as the inverse of the standard deviation of the
phase over the RQITo obtain an estimate of the error in the

temperature measurements, the squares of the errors acros%e
the image ROI were added, and the square root was taken.

Converting back to temperature, the derived estimate of error
in the 3-D data set was1.9°.

3.4 Correlation of Thermal Model and MRT
Measurements

350 | Theoretical model
300

[ C

Osto_

8 T F }

= C

© C

EZO.O_ {

N {

g 150 [

B C

Lo} C

o100
50 {
o'o_lw|\|\\|\|\|\|\|\||\|\|\|\|\||\

-4 3 2 -1 0 1 2 3 4

Distance from Center of Irradiated spot (mm)

Fig. 6 Comparison of the heat diffusion model computational results
and the MRT measured temperature profile within the layered ocular
phantom. The filled, discrete symbols represent the MRT measure-
ments taken from a central image slice of the 3-D data set shown in
Fig. 5(a). The continuous line represents the temperature rise in the
phantom predicted by the thermal model as a function of distance
from the center of the laser beam incident on the melanin layer. Error
bars on the discrete points are estimates of temperature measurement
standard deviation, calculated as described in Sec. 2.3.

taken out of the three-dimensional data set shown in Fa). 5
(Sec. 3.3 The temperature profile obtained from this image
slice is shown in Fig. 6 as the discrete points, while the con-
tinuous line in Fig. 6 shows the temperatures predicted by Eq.
(5). The error bars shown in Fig. 6 represent the error esti-
mates derived from the 3-D data sets as described in Sec. 3.3.
The phantom heating was produced by continuous wave laser
exposure of 21.6-W/cf0.8-mm-beam radiu&l/e?) and 700

s duration. The maximum temperature rise at the center of the
phantom was about 32°C, which was extreme for hyperther-
mia treatment but a good test of the ability of MRT to record
a large temperature excursion with high resolution. The agree-
ment in Fig. 6 between the theoretical and experimental val-
ues is quite close. Ay? analysis revealed thay?=9.82,
which is well below the limiting value of 16.15 for 95% con-
fidence (27 deg of freedom This result indicates that the
observed values were well correlated with the predicted val-
ues, and that the heat diffusion model is an excellent predictor
of heat transfer throughout the phantom during laser expo-
sure.

4 Discussion

4.1 Practical Spatial, Temperature, and Temporal
Resolution of MRT

The accuracy of the temperature calculations made with MRT
pend on several factors, the most important of which is the
etermination of the temperature coefficientin this appli-
cation, for elevations of less than 10°C produced by passive
heating of the uniform phantom with the water bath, the tem-
perature values determined by MRT were compared to mea-
surements made with a Vitek fiber optic probe having an ac-
curacy of 0.1°C, and usually agreed to within 0.5°C. The
temperature resolution, however, may depend on the magni-

To compare a temperature profile measured by MRT during tude of the temperature excursion. For example, during the
laser exposure with the heating gradient predicted by the heatmore extreme heating produced by the laser exposure, the
diffusion model described in Sec. 2.4, a 2-D image slice was SNR of the temperature measurements decreased, and for
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temperature changes of more than 20°C, the resolution de-4.3 Application of MRT to Characterizing the
creased in 2-D MRT to about 1.4°C, and to 1.9°C for the 3-D Interaction of IR Laser with Ocular Tissue Components
MRT. This implies that the pract_ical temperature_ resolution pf The MR measurements in the ocular phantom provided a
the MRT method decreases with an increase in the relative j1ggns for directly studying the factors governing the tempera-
temperature change in the target, although the resolution istyre distribution during IR laser exposure. The physical dis-
probably better than 1°C for clinically relevant temperature tripution of the melanin pigment granules, the concentration
excursions. Another potential source of error is due to an in- (or density of melanosomes in the tissue, and the thickness of
teraction between the size and orientation of the heat sourcethe pigmented tissue layer all determined the effective optical
with the external magnetic field. Peters et al. demonstrated zone in which laser-tissue interaction occurred. There were
that, with an interstitial laser fiber having a 1-cm-long quartz limitations in the ability of the phantom to simulate thermal
diffuser, there was an orientation-dependent effect on the interactions in the living eye. Practical considerations in the
measured temperature that was ascribed to a change in theonstruction of the layered phantom limited its ability to
volume-magnetic susceptibility of the tissue along the axis of simulate the eye morphology more accurately. For example,
the fiber diffusef?353"With a laser beam applied externally, the laser-induced heating time course measured in these ex-
as in our case, this orientation artifact would be expected to be periments was considerably slower than the thermal behavior
minor, because the effective heat source in the phantom, i.e.,predicted for retina and RPE during laser irradiaftof The
the image of the laser beam, is thin compared to the optical Slower temporal thermal response of the phantom was likely
zone absorbing the laser energy, i.e., the melanin layer. In adué to the much greater thickness of its melanin layer com-
more complicated target such as the éyewhich the RPE pareq to t.he melanin-contain!ng RPE of the phyfsiological eye.
layer containing melanin is very thina correction for orien- ~ Considering that the heat diffusion process will be compli-
tation dependence may have to be introduced. This will be ¢ated for a blood-perfused, inhomogeneous organ such as the
examined in future work. human eye, MRT provides a noninvasive means for determin-
In terms of spatial resolution, an effective resolution of ing in vivo the heating time course as well as the equilibrium

0.25 mm was obtained. Giv&hthe average thickness of the :emper:atur?,tr?ott? ess?nt;ﬁl Icn): :Jngerstandlng the biological
human reting350-500um), the RPE(20 um), and the chor- es‘?ﬁeSir?tgractieonsc?fut?leo806€-nmacjv c?if)ze laser with melanin
oid (100 to 200um), the 0.25-mm spatial resolution in our

. S ) . is dominated by thermal effects, and depends primarily on
MRT implementation is sufficient to provide two or three tem- y ' P P y

i t boints th h th bined thick hoton scattering. An accurate determination of the optical
perature measurement points through the combined thic neS%roperties is critical for theoretical prediction of temperature
of the retina and choroid layers, although it is insufficient to

o - ] rises in irradiated tissues. For example, the relatively high
distinguish retinal and RPE temperature. Nevertheless, thegpqorntion coefficient of melanin produced a high temperature

currently achievable resolution supports the application of ise in the small volume of the melanin layer, which caused
MRT to monitor the heating of the target vascular membrane, peat to diffuse throughout the phantom. This effect is illus-
as well as surrounding retina and RPE, during treatment of tated in Fig. 4, which shows that the laser radiation was
choroidal neovascularizatibitby TTT. A current limitation mostly absorbed within the melanin layer, and that heating
of TTT is that the target temperature required for the optimal profiles through the phantom depended on the particular ge-
therapeutic effect has not been established. Use of MRT for ometry of the absorbing layer in the phantom. Selection of
feedback control during TTT could provide critical tempera- suitable laser parameters for hyperthermia therapy, therefore,
ture information to correlate with the resulting tissue re- will depend on the ability to predict accurately the interaction
sponses to the treatment. of the laser beam with the tissue and the resultant heat flows
through the treated and adjacent nontreated tissue. Such pre-
dictions will require the use of a validated treatment model.
The good agreement of the MRT measurements with the pre-
4.2 Technical Limitations and Improvements in the dictions of a classical heat diffusion model show that an im-
Method portant use of the method will be to validate theoretical ther-

The temperature and spatial resolution of our system appear’mal models. The practica_l eff_eCt of this_ ability is to enable a
to be adequate for application to the human eye. The temporalth€rmal model to be applied in the clinic to plan therapy and
resolution, however, could be improved. There is a trade-off optimize the laser parameters for laser hyperthermia treatment
between temporal, spatial, and temperature resolution. In- protocols.

creasing the resolution of one inevitably reduces the resolu-

tion of one or both of the remaining parameters; therefore, the

experiment must be designed to maximize the most important

parameter. For example, in a study of experimental interstitial
laser hyperthermia therapy to the prostate, a single image slic
was acquired in 6.7 s, but with a slice thickni€ssf 5 mm. This research was supported by the San Antonio Area Foun-
Certainly, a faster image acquisition rate would be very useful dation, the U.S. Air Force Office of Scientific Research Grant
in improving the accuracy of heating time course measure- No. F49620-01-1-0211, and by an unrestricted grant from Re-
ments in the target tissue. It is likely that advances in MR search to Prevent Blindness, Inc., to the Department of Oph-
instrumentation will improve overall imaging performance.  thalmology at the University of Texas Health Science Center.
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