Journal of Biomedical Optics 9(3), 648-654 (May/June 2004)

Optimization of selective hyperthermia

Christopher A. Bailey Abstract. Selective hyperthermia can be a feasible treatment modality
Thomas M. Cowan for deep tissue abnormalities. It is accomplished by using a laser or
Vinson G. Liu ultrasound noninvasively to transfer energy to a desired target causing
Evan C. Lemley tissue damage. This process has two potential benefits to medical pro-
Wei R. Chen fessionals: simplicity of procedure and safety to patient. However,
University of Central Oklahoma optimizing these selective interactions is difficult due to the number of
Department of Physics and Engineering variables. We propose an optimization coefficient relating the dy-

100 North University Drive, Edmond, Oklahoma 73034

E-mail: wehen@ucok.edu namic and geometric parameters of selective hyperthermia, and pro-

ceed to measure it in an experimental setup consisting of a near-
infrared laser and laser-absorbing dye. To simulate tissue, gelatin
phantoms are created using a combination of water, intralipid, and
gelatin. Our experiments use a 1.00-cm-diam spherical phantom that
is homogeneously enhanced with an indocyanine green (ICG) solu-
tion and placed inside a nontarget phantom and irradiated by an
805-nm diode laser. Temperature measurements taken at different lo-
cations are analyzed so optimization coefficients can be calculated
for different parameters. This optimization coefficient compares the
difference in temperatures from inside and outside the target. Analysis
of the values after thermal equilibrium provides information about the
best parameter selection. Our findings indicate that the optimal ICG
concentration and power combination for our tested parameters are
0.083% and 0.97 W, respectively. Based on our analysis, optimization
can be obtained by using this coefficient to compare the selectivity of
several parameter combinations. © 2004 Society of Photo-Optical Instrumenta-
tion Engineers. [DOI: 10.1117/1.1689977]
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1 Introduction failures could pose a problem when the surviving cancer cells

Tissue heating has been shown to be a way to destroy biologi-Proliferate after treatment. A method was devised to use se-
cal tissues. Cellular destruction of tumor tissue occatsor lective hyperthermia to damage a local target tissue and at the

above a temperature of 42.5°C. It has also been observed thap@Mme tme |nduc_el3a systemic response W'.th the help OT an
immunoadjuvant=*® To maximize the effectiveness of this

tumor tissue is more sensitive to temperature increases than . . : .
normal tissué. Therefore, it is possible to damage or kill tu- procedure and minimize the possible side effects, the optimal

mor tissue. while keeping healthy tissue damage at a mini- parameter combination is desired. An optimization coefficient
. Ping neaity ag is necessary to rate the effectiveness of a treatment by com-
mum, by using selective heating of the target tissue.

Selective h h . b hieved b forri paring its selectivity. This value can be used to relate the
elective hyperthermia can be achieved by transterring en-,iapjes of the experiment to the desired results. In the ideal
ergy from external devices to a desired tissue region, which

§ L - < case, the entire target region would be heated throughout by a
may be buried deep within nontarget tisstethe possibility homogeneous source with no heating to nondesired regions.

to induce the greatest selective effect by parameter selection, the actual case, heat diffusion out of the target region de-
increases the feasibility of selective hyperthermia for use in creases the effectiveness of the treatment and lowers the se-
cancer treatment. A combination of an 805-nm diode laser, |ectivity. The goal, therefore, is to minimize the heating effect
which has high tissue penetration capabilities, and an in- gutside the target while maximizing the target heating. From
docyanine greerfiCG) solution, which has a strong absorp- this definition, a relationship can be derived that will provide
tion of light wavelengths around 800 nm, can be used in com- a value to measure selectivity and determine optimal param-
bination to achieve a selective effécf The purpose for eters.
choosing this laser/dye combination is its use in laser
immunotherapy 3 2 Methods and Materials

A major concern with selective hyperthermia in cancer 9.1 Absorption-Enhancing Dye

treatment is its failure to destroy all of the cancer cells. Such |~ (Akorn, Buffalo Grove, Illinois is the chemical that en-

ables the selectivity of the laser light to occur. ICG has a high
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Fig. 1 Experimental setup of a gel phantom with an embedded ICG-enhanced target gel. The temperatures at specific locations were accessed by
holes drilled into the side of the gelatin container. Temperature measurements were made by seven thermocouples attached to a computer via a
data acquisition unit. Power was supplied to the gel region by an 805-nm diode laser centered along the axis of symmetry.

absorption peak around the 800-nm wavelength. It releaseshold the probes firmly into the container during laser irradia-
the absorbed energy in the form of heat to the surrounding tion. The spacing between the centers of the holes was 0.254
tissue regions. To create selective hyperthermia, ICG must becm. The container was used to hold the gelatin during solidi-

inserted into the target region. fication and experimentation. To create two distinct regions of
' ' different optical properties, the gelatin was prepared in stages.
2.2 Preparation of Gelatin Phantoms First, the target gelatin was prepared and solidified in the de-

Gelatin phantoms were used in this experiment to simulate sired shapéspheré with a mold. Then the sphere was placed
tissue structures with an embedded target region induced withinto the desired location and secured. Next, nontarget gelatin
laser-absorbing dye. Such gelatin phantoms have been used iwas prepared and poured into the container up to the middle
preliminary experiments to create temperature distributions to of the target sphere and solidified. This ensured that we could
find the existence of selectivity using gelatin targets and visually see any shift in the targets location. Finally, the rest
chicken breast tissué.In this setup, however, the entire study of the nontarget gelatin was poured into place and solidified.
was conducted with both target and nontarget regions being ) )
made of gelatin phantoms. The only difference between the 2-4 Laser and Optical Fiber
two regions was the existence of ICG and slightly higher con- The laser used in this experiment was the DIOMED 25 diode
centration of gelatin in the target phantom. laser (DIOMEDICS, The Woodlands, Texpwith a wave-
Nontarget phantoms were created by a combination of length of 805 nm. The laser beam was directed to the test site
three materials: 80 mL water, 20 mL of Liposyn Il 10% In- by an optical fiber with a diffusion lengPioneer Optics,
travenous Fat EmulsiofAbbott Laboratories, North Chicago, = Windsor Locks, Connecticuto ensure an even distribution of
lllinois), and 2 g ofgelatin(Leiner Davis Gelatin, Davenport, laser energy on the treatment surface. The laser fiber was
lowa) per 100 mL of phantom solution. This solution was secured at a fixed position so that the beam radius would be a
mixed and heated until the gelatin was melted, then solidified, constant 1.0 cm throughout the experiments. The power out-
and stored in a refrigerator. A cylinder of gelatin phantom 4.4 put of the fiber was checked before each experiment and 0.35,
cm in diameter and 6.0 cm in depth was used to simulate a0.70, and 0.97 W were used.
semi-infinite tissue region. Target phantoms were created in
the same fashion as nontarget phantoms except for the use oR.5 Temperature Measurements
4 g of gelatin per 100 mL of solution. After the gelatin cooled An Analog/Digital Signal Transducer UninstruNet, GW In-
to near room temperature, ICG solution was added to createstruments, Somerville, Massachusetisth multiple-channel
the desired ICG concentration in the target phantom. This temperature probes was used to measure phantom tempera-
addition of ICG solution diluted the gelatin concentration to tures at specific locations during laser irradiation. Seven 27-
roughly that of the nontarget phantoms. A spherical target of guage T-series thermocouple prob@mega Engineering,
0.5 cm radius was used in our experiments. The ICG concen-Stamford, Connecticitwere used in this experiment and
trations used in the target were: 0.000, 0.028, 0.056, 0.083,placed at specific locations in the phantom container. Tem-

0.111, and 0.139%. perature measurements were taken y\&s during laser ir-
] } ) ] radiation, which lasted 750 s.
2.3 Gelatin Configuration for Experiment Twenty-eight probe locations were measured during this

A container was created from clear acrylic tubing to minimize experiment. Seven probes were used to measure the tempera-
the optical interference of the tubing. A drill press with a tures at different depths, and were taken at four separate dis-
0.160-cm-diam drill bit was used to create the temperature tances from the axis of symmetry. The radial distances of the
probe holes on the wall of the container, which were used to probes from the axis of symmetry, shown in Fig. 1, were 0.00,
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0.33, 0.66, and 1.00 cm. The depth probe positions from the 0

surface were 0.254, 0.508, 0.762, 1.016, 1.270, 1.524, and Re

1.778 cm. Critical Non Target Region
02

2.6 Laser Irradiation of the Gelatin Phantom System

The phantom was placed under the laser beam and the center -0.4 cﬁmral:;etw.., /
of the laser was aligned with the center of the tumor. The
gelatin phantom was allowed to come to room temperature,
and then irradiated by the laser for 750 s. The temperatures at
the probe tips were recorded during irradiation. Figure 1 pro-
vides a graphical representation of the experimental setup.

The 28 location temperature measurements were taken at
seven positions at a time. Seven depth measurements at one
radius were recorded in one treatment. Then the test region
was allowed to return to a constant temperature and the
probes were moved to the next location of different radius.
This process was continued until all four radial positions tem-
peratures were measured.

Depth (an)

2.7 Optimization Function

To determine the optimum parameters, a function must exist
that includes all the crucial physical parameters. Such an op-
timization value, referred to agg, is a function of time and
the important parameters, which reflect geometry and physical 0 02 04 08 08

properties. The setup geometry for this study can be narrowed Raial Distance {cm)

to three properties, radlus of the laser bedn dem_:h Of the Fig. 2 Critical regions for our selective hyperthermia analysis. These
tumor (d), and the radius of the tumar), as shown in Fig. 1. regions were chosen to include the properties of beam and target
Likewise, the physical properties can be represented by two radius and to enclose the majority of the absorbed laser energy. Here,
variable parameters: ICG concentratidn and laser power Ry is the region below the beam radius to the edge of the target sphere

(p). With these specific parameters choseg,can be repre- where most of the nontarget energy is absorbed; R; is the top half of
sented as the target, and is where a majority of the selective heat is absorbed;

and R, is the bottom half of the target, and is where the major heating
occurs mainly from diffusion.

ns=f(t,r,R,d,l,p). (1)

Note that other important parameters do exist but they were

held constant for our set of experiments. . . )
Optimization, in general, must depend on the important heat is absorbed, an@, is the lesser-heated target region

parameters and the desired effect of the experiment. In ourWhere the major heating occurs from heat flow from other

study, the desired effects of selectivity are regions. _ o o o
Using these region definitions, the optimization coefficient

1. The heating effect in the nontarget region must be mini- 7s can be defined as

mized.

2. The heating effect in the target region must be maxi- Q,— Qo
mized. Ns=——— 2

3. The heating in the target must be as homogeneous as Qi~Q.
possible to cause the maximum amount of thermal dam- whereQ,,, Q,, andQ, are the average energies absorbed by
age. the laser in the region®,, R;, andR,, respectively. Note

4. The dosage of energy must cause a significant increasethat this equation deals only with the energy absorbed directly
in the target’s temperature. from the source and not from diffusion of heat after absorp-

tion. When g is negative, selectivity does not occur. In the
To use these guidelines properly, “critical” regions must be instance thay is zero, region®R, andR; are heated equally.
defined in the medium. Critical regions are defined by how If 7gis equal to+1, the average energy differences are dis-
energy absorption affects the ability to heat the target. In our tributed linearly or are very close to homogeneous. The goal
experiment, three major critical regions were defined as non- of optimization will be to achieve the highests value to
target regionR,, heated target regioR;, and lesser-heated ensure the greatest selective effect.
target regiorR,, as shown in Fig. 2. Regior®y, Ry, andR, Energy absorption in tissue is difficult to measure experi-
were chosen because of their critical nature, &dis the mentally. It is more convenient in theoretical or numerical
region where most of the surface energy is absorbed. Outsidesimulations, but due to the experimental focus of this study it
of Ry, the energy absorption from the laser drops off signifi- is used in a different form. In a real biological system, the
cantly. Also,R; is the region where a majority of the selective tissue temperature rather than the absorption of energy di-
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Fig. 3 False colors plots representing the temperature distributions in the phantom regions at 750 s, where the ICG concentrations vary from left to
right and the laser powers from the top down. The target and nontarget critical regions are designated for orientation purposes, and the spatial scale
is the same as that in Fig. 2. The color designation represents temperature changes in the medium from -1 to 10°C.

rectly determines the outcome of the cancer treatment. There- M(l,p,rp.dp. ) =[a.B.x.5.e,6,¢]. (5)
fore, temperature changes are more beneficial to our purpose

so we adjust Eq(2) to arrive at The indices of matrixM represent all the parameters used in

the organization of the coefficients mentioned in E4. In-
— — dex | represents the six ICG concentrations that were used in
_Tl_TO 3) the experiment. Indep represents the three power levels that
nST_? -7 ' were used. The indices, andd,, represent the probe location
vz in the medium.

where ng7 is the selective thermal optimization coefficient;

andT,, T,, andT, are the average temperatures in regions o )

Ro, Ry, andR, respectively. 2.9 Finite Element Integration

To meet the definition of optimization determined in E8),

the average temperature change in the critical regions must be

2.8 Data Fitting of Temperature Measurements calculated. Finite element calculations were used in the form

Polynomials were used to approximate the temperature
changes versus time, and the best-fit equation is SMSMT(1);;A VR,
AT = o
AT = atS+ Bt°+ yt*+ 8t3+ et?+ Pt + . (4) e Vr

The coefficients in Eq(4) were organized and transferred The T matrix is the temperature distribution in the region,
into matrix form. Converting the data in this fashion allowed €xamples of which can be seen in the false color plots of Fig.
us to compress the 375 temperature measurements at a pas- The spatial matrix element;; calculated at timet, is
ticular position into seven coefficients calculated by the best- Weighted by the finite volume elemeitVg . The volume
fit using Eq.(4). The coefficients from Eq4) were organized element is a cylindrical ring created by the size of the spatial
by inserting them into matrii: element inT;; about the axis of symmetry. The result is a

C)
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o 180 800 490 800 70 Fig. 6 Plots of nst [Eq. (3)] versus time for the three powers and

0.000% ICG target concentration. Notice the negative values in this
situation, which indicates their nonselective nature. The 0.97-W
value does seem to move into the selective region, however, if com-
pared to the plots of these in Figs. 7 and 8 the 0.97-W plot value is still
too low to be considered optimum.

Fig. 4 Temperature measurements taken at the r=0.000 cm location,
along the axis of symmetry, for a power of 0.35 W and 0.000% ICG.
The temperature change decreases in magnitude as the depth of the
probe increases. This is the definition of a nonselective situation.

finite-element average of temperature changes in the deSirednowever, shows the desired selectivity because the tempera-

region. The_se_ average va_Iu_es were inserted into (Bgto ture at the tumor surface is higher than that at the tissue sur-
give the optimization coefficient at a measured titne face

3.2 Optimization Coefficients
Average temperatures were calculated for each critical region

Temperatures at different locations in the gelatin system were using Eq.(6). Thde optm_mzz;ﬂgn coefflqent f?]r each Itl_me mea-
measured during laser irradiation. Figures 4 and 5 provide Surement was determined by Equatid@. The resulting op-

examples of these temperature differences versus time withtimization curves can be Seen in Figs. 6 through 8._F|gure 6
and without an ICG enhanced target. Temperature changeShOWS a case qf no selectivity because of the n_egatlv_e values
rather than absolute temperature was used because the region%f IsTs while Flg_s_. 7 and 8 do represent selectivity with the
were very close to homogeneous when the data was initial- XIStence of positive values.

ized. The differences between Figs. 4 and 5 occur in the rela-
tive locations of the tissue surface and tumor surface tempera-
ture values. Figure 4 shows no signs of selectivity, becauseln each of the experiments, the optimization curves fluctuate

the temperature decreased as the depth increased. Figure ®bout a constant value after 100 s. After which, an average
and standard deviation of the optimization values were calcu-

3 Results
3.1 Temperature Distributions in Gelatin Phantom

3.3 Thermal Equilibrium Optimization

3 Temperature vs. Time
Mg vs. Time for [CG=0.028%
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Fig. 5 Temperature measurements taken in the same location and Fig. 7 Plots of nsy versus time for each power and an ICG concentra-

power as those in Fig. 4, but with an ICG concentration of 0.139%.
The temperature measurements in this case differ from those in Fig. 4
in that the tumor measurement is higher than the surface measure-
ment. This presents evidence of selectivity.
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tion of 0.028%. In this case, the selectivity for each power level is
almost constant, and they all approach their critical value after about
100 s. This is when the transient part of the heat transfer is considered
to be at an end and the stability of selectivity is achieved.
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Tsvs. Time for |CG=0.139% in the table which are in bold fonts. This indicates that a
relationship can possibly be determined with further investi-
gation.

0.50

005 | 4 Discussion

2 The objective of the study reported here was to devise a sys-
050 tematic approach to find optimum parameters in selective hy-
perthermia. This was accomplished by defining a value that
depended on the important parameters. Temperature measure-
— ments were taken in the gelatin phantom irradiated by the
—a7ow laser. Finite-element integration was used to average the tem-
LA perature distributions so the optimization coefficients could be
calculated for each parameter combination. Using an ICG-
enhanced target gelatin embedded inside regular nontarget

-1.50

0 150 300 Time(s) 450 600 750

Fig. 8 Plots of 5t versus time for 0.139% ICG gel concentration. In

this case, the barrier effect is too large for our power levels to over- gelatin, selectivity was demonstrated by the temperature dis-
come. This plot is the reverse case of that shown in Fig. 7, because the tributions, as shown in Figs. 4 and 5. Careful temperature,
ICG concentration is too high for our powers to be effective. pOSitiOI‘], and time measurements were made to determine the

temperature distributions within the test regions. The correct
target/nontarget configuration is obtained by securing the so-
lidified gelatin tumor in the desired location prior to pouring

the nontarget gelatin. Critical regions were chosen to encap-

combinations, the thermal equilibrium optimization coeffi- o .
cient and the average steady state temperature value for re-SUIate a majority of the transmitted energy, and were bf"ISEd on
Monte Carlo simulations of these selective cases, which cal-

gion 1 were used. Both values are required because the opti- lated  th . h bsorbed d b
mization coefficient of Eq(3) provides information on the culate d15?6 regions wnere absorbed energy cou €
selective nature of the treatment, and the average temperatur(gOntalne The _o_pt|m|za'F|on coefficient de“'?"“"” _mcluded

helps to estimate the dosage applied. When combined theséhe predefined critical regions and the considerations of en-

two values help to satisfy the criteria of selectivity stated in ergy_abso_rptlon in those regions, which leads to @. The
Sec. 2.7, relationship between the temperature and energy can be

shown by the heat equation:

lated. To calculate the optimized parameters for different

3.4 Optimized Parameters

The optimum parameters were chosen to create the maximum aT
temperature increase in the target while maximizing the selec- Pcpﬁ
tivity of the treatment. These properties are indicated by the

weighted optimization coefficient, which is the multiplication

of the optimization coefficient and the average steady statewhereT is the temperature at any position in the regipris
temperature in region 1, listed in Table 1, which show that the the material’'s densityC,, is the heat capacit is the thermal
optimal parameter combination for our tissue phantoms is conductivity, andq is the power density distribution within
0.083% and 0.97 W with a value df06+0.07°C.From the the material. When enough time has elapsed, the temperature
data provided in Table 1, a trend occurs for the weighjed at any location will become constant. The steady state version
value, which is directed from low power/high concentration to of the heat equation inherently provides a constagt, as

high power/low concentration and can been seen by the cellsshown in Figs. 6 to 8, and must obey the constraing-]

<| 4 because of heat diffusion in the material.

Note that the use of Eq$2) and(3) has some limitations.
Two possible scenarios can occur such that an undefined op-
timization value could be obtained. One is when the target
receives no energy at afl.e., no temperature changerhe
second situation is if the average energies or temperatures in
the two critical target regions are equal. The following ex-
plains the limitations of the optimization coefficients, and
why the undefined situations should not arise in our inspec-

0.028%  0.84+0.03°C  2.16=0.07°C  3.51+0.12°C tion of the optimization coefficients.

=kV?T+q, (7)

Table 1 Table of weighted #¢ values after 100 s with standard de-
viations for different power and ICG concentration combinations.

ICG 0.35W 0.70 W 0.97 W

0.000% —0.75x0.04°C —2.03+0.21°C  0.03+0.40°C

0.056%  1.26+0.11°C 2.09+0.04°C  2.17=0.05°C 1. The optimization values are valid only while heating is
occurring. Therefore, any situation where no energy is
being transferred is considered an invalid use of the

0.111%  072+0.05°C  2.08=0.04°C  1.19+0.13°C optimization equations.
2. The reason to use such optimization values is to evalu-
ate the effectiveness of a selective heating treatment,

0.083%  0.23+0.14°C 2.89+:0.09°C 4.06+0.07°C

0.139%  1.48+0.05°C 1.58+0.08°C 2.70%£0.06°C
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and geometries such as “infinitely deep” tissues would References

be an ineffective configuration for laser treatment, and
should not be studied in this manner. 1.

Plots of the optimization coefficients versus time showed a
tendency of the optimization coefficient to approach a con- 2.
stant value after approximately 100 s. The optimization val-
ues, given in Table 1, were averaged after 100 s, so that an 3
optimized parameter set could be chosen. The plots in Fig. 6
of nst versus time for the control0.000% ICQ illustrate
nonselective behavior in all three powers. The 0.97-W plot
seems to deviate into the selective range. This is possibly due
to the relatively higher power and temperature and the slightly 5.
denser gelatin concentration, which enabled the energy to be
distributed quicker in the target region, increasing the selec-
tivity of the control. It was not significant at the lower powers
because there was not enough energy for this structural dif- ™
ference to be observed. The value gé; eventually stabi-
lized, which is consistent with the experiments when ICG is 7.
present. Figure 7, unlike Fig. 6, shows a situation that is
highly structured and selective. It appears that the introduc-
tion of ICG creates consistency in the optimization coeffi-
cient. The optimization value approaches this critical value &
very quickly and then stabilizes, separating the transient and
equilibrium time increments. In Fig. 8, the transition seems to
follow the same process as that of Fig. 6, but in reverse. g
Although the target gelatin in Fig. 6 contained no ICG, Fig. 8
has too much ICG, creating a laser-absorbing barrier that can-

not be overcome by the power levels used in our experiments. 10.

The average values and standard deviations of the weighted
form of g7 for each of the parameter sets are charted in Table
1. This enables us to view the average value of the weighted
optimization coefficient for a particular parameter set and
compare it to those of other combinations.

The method of using the optimization valugst as pro-
posed in our study could be used as guidance for clinical

applications of selective hyperthermia using laser, ultrasound, 13

or other treatment modalities. Future investigations using the-
oretical simulationsjn vitro, and in vivo experiments will
further provide valuable information on the optimization of
the dye-enhanced selective hyperthermia, paving the way for
clinical applications.
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