Optimization of power deposition and a heating strategy
for external ultrasound thermal therapy

Win-Li Lin®
Institute of Biomedical Engineering, National Taiwan University, Taipei, Taiwan

Tzu-Chen Liang and Jia-Yush Yen
Department of Mechanical Engineering, National Taiwan University, Taipei, Taiwan

Hao-Li Liu and Yung-Yaw Chen
Department of Electrical Engineering, National Taiwan University, Taipei, Taiwan

(Received 27 March 2001; accepted for publication 7 August 2001

The purpose of this paper is to examine the thermal dose distribution, to configure the optimal
absorbed power deposition, and to design an appropriate heating strategy for ultrasound thermal
therapy. This work employs simulation programs, which are based on the transient bio-heat transfer
equation and an ideal absorbed power deposition or an ideal temperature elevation within a cube of
tissue, to study the optimal absorbed power deposition. Meanwhile, a simplified model of a scanned
ultrasound transducer power depositi@ncone with convergent/divergent shapeused to inves-

tigate the heating strategy for a large tumor with a sequence of heating pulses. The distribution of
thermal dose equivalence defined by Sapareto and Déweyd. Radiat. Oncol., Biol., Phy4.0,
787-800(1984] is used to evaluate the heating result for a set of given parameters. The parameters
considered are the absorbed power density, heating duration, temperature elevation, blood perfu-
sion, and the size of heating cube. The results demonstrate that the peak temperature is the key
factor determining the thermal dose for this short-duration heating. Heat conduction has a very
strong influence on the responses of temperature and thermal dose for a small heating cube and the
boundary portion of a large heating cube. Hence, for obtaining the same therapeutic result, a higher
power density is required for these two conditions to compensate the great temperature difference
between the heating cube and the surrounding tissue. The influence of blood perfusion on the
thermal dose is negligible on the boundary portion of the heating cube, while in the central portion

it may become a crucial factor as a lower power density is used in this portion to save the delivered
energy. When using external ultrasound heating method to treat a large tumor, the size of heating
unit, the sequence of heating pulses, and the cooling-time interval between the consecutive heating
pulses are the important factors to be determined to have an appropriate treatment within a reason-
able overall treatment time. @001 American Association of Physicists in Medicine.
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[. INTRODUCTION optimize thermal dose in ultrasound surgery using the mode
scanning technique with power level determined numeri-
High-intensity short-duration focused ultrasodifitican be  cally. By optimizing the thermal dose over a tissue volume,
used to deliver the acoustic energy in a predetermined regiofhe peak temperature is decreased, less average power is ex-
to above an intensity/temperature threshold valisuffi-  pended, and the overall treatment time is shortened. The ab-
cient for necrosis. When the treatment volume is large a sesorbed power deposition, heating duration, peak temperature,
quence of lesions is necessary by using this ultrasoungize of heating cube of tissue, blood perfusion in the tissues,
surgery~'*to cover the entire treatment region and an un-and the heating sequence are the parameters that potentially
wanted prefocal heating may appéaf=*° To reduce this affect the temperature distribution and the thermal dose dur-
problem, some cooling time is required between the lesionthg ultrasound thermal therapy.
and consequently the total treatment time incre&d$&8/an This work examines the relationship between the above
etal!’ investigated the possibility of using a spherical- parameters and the thermal dose distribution by employing
section phased array to generate multiple-focus patterns tan ideal absorbed power deposition and an ideal temperature
reduce the overall treatment time. Their results showed thadlevation for a heating cube of tissue. Theoretical study of
the strategy with nonscanned simultaneous multiple-focushe sequential heating for a large tumor is based on a simpli-
required the smallest maximum intensity and dose, resultefled power deposition model as a cone of convergent/
in the most uniform dose distribution, and significantly re-divergent shape to investigate the heating unit, the cooling-
duced the treatment time. Furthermore, Daum andime interval between the consecutive pulses, and the
Hynynerf® used a 16-element, spherically sectioned array t@verheating/overdosing problem in the intervening tissue.
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[I. METHODS AND MATERIALS

A. Power depositions for parametric study and

external ultrasound heating :::r’]a;?::: x

Figure Xa) shows that a desired treatment region is di-
vided into nine unitgwith 1.1-3 cn? for each onpandan 1~ (b)
ultrasound applicator is sequentially moved to treat this re- - 4 RN
gion using the high-intensity short-duration heating ap- ’
proach. The ultrasound applicator can be a two-dimensional / y. \w, 37°C
phased array/®?which has the ability to produce different A
heating patterns by changing the amplitude and phase of
each array element. In addition, there is a feasibility to form
an appropriate power deposition to meet the desired by vary- (U A 1o i
ing the scan parameters of an ultrasound heating system with ¥, /
multiple-focused transducet§The power deposition within . .

a small heating cube is considered first to examine therela- "S-~
tionship between temperature, thermal dose, and power
deposition. For this parametric study, the power deposition
within this small heating cube is further simplified as an
ideal power deposition, which is the goal we try to deliver in
a cube of tissue located in the central portion of the simu-
lated tissue as shown in Fig(k). The size of the heating
cube of tissue id. cm, and the power is assumed directly
deposited in this cube and a uniform absorption is also as-
sumed.

When using external ultrasound method to heat a small
cube of tissue, the deposition of ultrasound energy is mod-
eled as a square cone of convergent/divergent shape #2. 1. Schematic diagram of the geometry studied for the distribution of
shown in Fig. 1c). The left side with an area oA(0) iS  thermal dose equivalenc&M,y) in the tissue(a) A large, deep tumor is
regarded as the acoustic window at the skin surface for theivided into nine heating unitéwith 1-1.3 cn? for each ongand an ultra-

ultrasonic beam. and the narrowest region with an area (ﬁound transducer is arranged to heat the units sequentially using the high-
! Intensity short-duration techniquég) a cube of tissue with a length afcm

A(Zt) is regqrded as the focal area at t_he focal dmthand _is located in the simulated tissue, the locationgapf(b), and(c) are(0,0,0,

the ultrasonic beam is propagated divergently beyond thig.5 L, 0, 0, and(0.5 L, 0.5 L, 0.5 L), respectively, and the responses of

zone. The total ultrasound energy is attenuated according tbermal dose on the’—y” plane and along the’—x" axis are considered in

the exponential law and the deposition of ultrasonic intensity"is study:(©) a triple-focal depth heating with a suitable power weighting is
S . . . . . ~“used for a heating unit with a dimension of113 cn¥.

within the conical region is assumed as a uniform distribu-

tion at each deptf*?Assuming that the ultrasound intensi- 12— 2

- 1cm

ties are not large enough to cause wave distoffiGtand/or VA(Z) = VA(z) + (VA0)— VA(Z)) - T4
transient cavitatioff ?®and attenuation and absorption coef- Z
ficients for the tissues are equall of the attenuated energy (from the geometry, 1)

is absorbed in the heating fig/¢P then the absorbed ultra- . .
sound power density in homogeneous and uniform|yvvherel(z) and q(2) are the uItrasound. intensity and _the
attenuating media is proportional to the ultrasound intensity@Psorbed power density at the deptha is the ultrasonic

Hence, we can obtain the absorbed power density at depthaPsorption coefficient of the tissjie-u: ultrasound attenua-
as tion per unit path lengts Npm 1)]; Q(0) denotes the total

ultrasonic power propagating through the acoustic window,
Q(0)-e 2#2 A(0); A(z) is the cross-sectional area with ultrasound
A(2)=2a-1(2)=2p- T Az power deposition at the focal depth.
The ratio of absorbed power density at the deptb the
with acoustic window is
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Q(0)-e 212 of the three-dimensional temperature distribution for the less
2p —— o computational time and smaller computer menf8rithe
q(2) Az A0) P d st P x
SRz0)= 0" ) A e 22 (2) spatial and temporal grid sizes used are 0.5 mm and 0.05 s,
a(0) W & (2) respectively. In general, the accuracy of these two numerical
A(0) methods is about the sarfre.
whereq(0) is the absorbed ultrasound power density at the TO calculate the thermal dose equivalent in minutes at
acoustic window. 43 °C (EMy3) which can describe the extent of the thermal

damage or destruction of tissb&*the Sapareto—Dewey

. expressiohwas used,
B. Temperature solver and thermal dose calculation P

Penne? transient bio-heat transfer equatitBHTE) was EMs(in min)zj R(T-43) g, (4)
used to solve the temperature distribution for a given ab-
sorbed power deposition, whereR=2 for T=43°C andR=4 for 37 °C<T<43°C,T
aT andt represent temperature and time, respectively,EBakd ;
PCE:kva—W%(T—TarHQ- (3)  is thermal dose equivalence in minutes. Equati®ns used

to calculate the accumulation of thermal dose at each point

The above BHTE is a good approximation that offers a pracover the course of treatment during the simulated heating and
tical approach for modeling bio-thermal proces$e¥ and  cool-down response. The threshold dose for total necrosis
performing general parameter studies, even though it is ganges fromEM,3=30 to 240 min for brain and muscle
simplification neglecting the effects of discrete blood vesseldissue, respectiveff* For this simulation study a conserva-
and the redistribution of thermal energy within the local vas-tive value EM 43=300 min has been taken, which is similar
cular network. We select the thermal properties to approxito the analysis of Damianoat al* for focused ultrasound
mate averages for soft tissu¥s3°The thermal conductivity ~surgery and Diederich and Burdéftéor prostate ultrasound
(k) is 0.56(Wm~1°C™?), the specific heat of blooctf) and  thermal therapy.
tissue €) is 3770(J kg 1°C™Y), the tissue densitgp) is 1150
kg m’g’., the arterial temperaturd(,) is 37 °C. Typical blood |§- RESULTS
perfusion rates are 1-11.5, 0.15-0.5, 0.5, 0.1, 10, and 10.
kgm 3s! for skin, fat, muscle, bone, brain, and liver, Figures 2a) and 2b) are the temperature responses at
respectively’’ The reported perfusions of human tumors arelocations(a) and(b) as shown in Fig. (b) when the absorbed
0.15-16 kgm3s%, with a median value 2.9 kgnis 13  power density and the heating duration in Table | are given
To investigate the effect of blood perfusion on the temperafor the heating cube of tissue with a size of 10 mm. During
ture and the thermal dose, a uniform perfusid¥ is as- the heating the temperature rise at the center of the cube
sumed for the entire region and the perfusion rate is variethcreases almost linearly with time, especially for the shorter
from 0 to 20 kgm3s~. For the other studies, a constant duration cases. For the same amount of total absorbed en-
value 2.0 kg m3s! for the entire simulated tissue is used. ergy, the resulting peak temperature is higher for a shorter
The anatomic and physiological properties were assumed toeating duration with a higher absorbed power density. The
remain constant throughout the entire field, and metabolisrpeak temperature is also related to the location and it de-
was neglected due to its small contribution to temperaturelines from the center to the boundary of the cube. Figures
changes?®° 2(c) and 2d) show the responses of thermal dose equiva-

The temperature change near the cube boundary is vettgnce EM,3) corresponding to the temperatures in Figs) 2
sharp for the study of the temperature and thermal dosand 2b), respectively. The accumulation BM,; reaches its
within a small heating cube. To assure the convergence of thmaximum faster for a shorter duration heating and its maxi-
simulation, the finite element method was used with a mucilmum value is proportional to the peak temperature. The
finer mesh around the cube boundary. The transient BHTEhaximum value ofEM,; declines from the center of the
was numerically approximated using the Frontal Solver ofcube to the boundary as the peak temperature does. Figures
the commercialized software Ansys 5.4/Matlab 5.2, which is2(e) and Zf) display the resulting domain &M 4;=300 min
based on Finite Element Method to obtain the three-on thex’—y’ plane and the distribution dE M,; along the
dimensional temperature field induced by the absorbed’—x’ axis, respectively. These two figures indicate that a
power deposition. As solving the temperature, the elemerghorter duration heating produces a high& ,; and a larger
size used for the heating cubelifl2 and that increases with plateau ofE M 45=300 min for the same amount of absorbed
the distance for the region surrounding the cube, and thenergy. TheE M 3 on the corner of the heating cube is diffi-
number of the node is 20 for each element. The time step isult to reach 300 min due to the very strong heat conduction;
between 0.02 and 2 s, depending on the speed of temperatuwenversely the domain dE M,3=300 min extends outside
variation. The volume of the simulated region increaseghe heating cube in the normal direction of the cube’s face
greatly when using the external heating strategy to treat for the shorter duration cases. Figurds)22(f) show that
region of tissue with the convergent/divergent shape of ultrathe accumulation oE M 45 for the shorter duration heating is
sound power deposition. It is relatively advantageous to usenainly from the period of temperature decaying, while the
the finite difference method to obtain the numerical solutionportion of this accumulation from the heating duration in-
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Fic. 2. (8—(d) The responses of temperature and thermal dose at the locaic. 3. (a)—(d) The responses of temperature and thermal dose at the loca-
tions (a) and (b), and (e) the contours ofEM,3=300 min on thex' -y’ tions(a) and(c), and(e) the contours oE M43=300 min on thex’—y’ plane
plane and(f) the thermal dose distribution along tleé—x’ axis for the and (f) the thermal dose distribution along tbé—x’ axis when the initial
heating cases in Table I. The horizontal dashed ling)in(d), (f) represents  temperature of the entire heating cube is set at from 45°C to 75 °C. The
EM,3=300 min and the other dashed lineg@(f) are the boundary of the  horizontal dashed line irfc), (d), (f) represent€ M ;=300 min, and the
heating cube. other dashed lines ite)—(f) are the boundary of the heating cube.

creases for the longer duration heating and blood perfusion2300 min for the ce?ter '3{?3 °C, and this temperature is
has more influence. For this short-duration heating, the pea!RnUCh Iower_than~65 C required for the corner of the heat-
temperature produced is the key factor to determine the levéi9 cube_. F|gures/(:é) find 3f) show the_ d‘?ma_'” OEMy3
of EM, and its distribution. =300 min S)n thex -y plane _and the d|s_tr|but|on & My3

To investigate the effect of the peak temperature on th&/0Ng theo’—x" axis, respectively, for different peak tem-
resulting thermal dose during thermal therapy, the temperd2€ratures. A higher peak temperature can produce a larger
ture of the entire heating cube is set at from 45 °C to 75 °C ag0main ofE M43=300 min, which even covers the corner of
the initial condition. Figures & and 3b), the temperature the heating cube, while this domain shrinks to the central

responses at locatiorig) and(c), show that the effect of heat portion of the cube and then disappears as the peak tempera-
conduction on the temperature descent is highly position relUré decreases. _
To study the effect of blood perfusion on the temperature

lated. The temperature at the center of the heating cube de- . N
scends very slowly, whereas on the corner it drops sharply zﬂnd the_ therma}l dose, the peak_ t_emperatu_r_e IS Se'F at 60 °C for
the very beginning. Figures(® and 3d), the responses of the_ent|re _heatlng cube as thei |nl't|lal c_ondltlon while the per-
thermal dose corresponding to FiggaB@and 3b), display ~ [Usion varies from 0 to 20 kgnt's - Figures 4a) and 4b),

that for the same peak temperature the resuliMy; at the the temperature responses for locatiGsand(b), show that

center of the heating cube is much higher than that on théhe influence of perfusion on the temperature accumulates
corner. The minimum peak temperature to obt&iM with time and the temperature differences among different
' . perfusion levels become greater as the time passes. The tem-

perature descent is also related to heat conduction that is a
TasLE |. The absorbed power density and the heating duration for the cubdunction of location. On the boundary of the heating cube,
of tissue as shown in Fig.(8). the temperature drops sharply at the very beginning due to
the great temperature difference between the heating cube

Case 1 2 3 4 5 6 7 8 . . .
and the surrounding tissue. Figure&)4and 4d) are the
Adsorbed power domain of EM43=30 min on thex’—y’ plane and the dis-
densityWem ®) 120 60 40 20 10 5 3 2 wihtions of thermal dose along tilé—x' axis, respectively.
Heating duration . - .
© 1 2 3 6 12 924 40 6o [The results obviously indicate that blood perfusion affects

the final level of thermal dose in the central portion of the
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this domain increases with a larger heating cube and/or a
Fic. 4. (a) and(b) The temperature responses at the locati@hand(b), as higher peak temperature. For a smaller heating cube it re-

well as(c) the contours of:My;=300 min on the<’ —y’ plane andd) the 1, )irag g higher peak temperature to obtain the same percent-
thermal dose distribution along tlé—x" axis when the initial temperature

of the entire heating cube is set at 60 °C for different blood perfusion levels29€ ofEM,3=300 min, whereas, for the same peak tempera-
The horizontal dashed line ifd) denotesEM ;=300 min, and the other ture a larger heating cube can result in a greater percentage.
dashed lines irfic)—(d) indicate the boundary of the heating cube. The above study investigates the relationship between
temperature, thermal dose, blood perfusion, and power depo-
sition within an ideal small heating cube. When using an
heating cube, whereas the influence becomes trivial as agxternal heating method to treat a tumor larger than this
proaching the boundary. On the boundary of the heatingmall cube, the tumor region is divided into several units and
cube, the thermal doses of different blood perfusion levelsan ultrasound transducer is moved to treat the predetermined
converge together due to the thermal conduction is so strongnit sequentially. To theoretically study the sequential heat-
that the effect of blood perfusion is almost negligible. Hencejng of a large tumor, the deposition of ultrasound energy for
the domain ofEM,;3=300 min is actually maintained the a single-focal depth heating is simply modeled as a square
same for different perfusion levels. This can be seen in theone of convergent/divergent shape as shown in Fig. 1
simulation study of Huntetall and in vivo dog This single-focal depth heating can produce a small segment,
experiment®*®when the heating region is small the result- around the focal depth, with the absorbed power derisity
ing thermal dose is independent of perfusion level. Conthe peak temperaturéigher than the treatment requirement.
versely, the influence of blood perfusion on the thermal dos&or a multiple-focal depth heating, the focal depth shifted
becomes greater as closer to the center of the heating cublferward and backward with a proper power weighting, can
This indicates that blood perfusion may become an importanproduce a larger heating segment in the depth direction. By
factor when a lower power density is used in the centralppropriately shifting the ultrasound applicator in they
portion of the heating cube to save the delivered energy withplane, a domain withe M ,3=300 min conformal to the de-
out knowing the magnitude of blood perfusion. sired treatment region can be produced. For example, the
The above results show that heat conduction is the domidesired treatment region is a3 cn? cube and this treat-
nating factor for the responses of temperature and thermahent region is divided into nine units with a size of113
dose on the boundary of the heating cube. Both temperaturem® for each one. A triple-focal depth heating is used to form
and thermal dose drop sharply on the boundary due to tha 1-1-3 cn? with EM43=300 min in the depth direction as
heat conduction caused by the great temperature differenshown in Fig. 1c) and the entire treatment regidB-3-3
between the heating cube and the surrounding tissue, almosi®) can be sequentially heated by shifting the ultrasound
independent of blood perfusion. The thermal dose is relatedpplicator in thex—y plane as shown in Fig.(d).
to the peak temperature as well as position in the heating Figure §a) shows the distributions of the absorbed power
cube, and its distribution is possibly related to the size of thelensity ratio along the axis and the resulting temperature
heating cube due to heat conduction. To further investigatgust afte a 6 sduration of pulse for a triple-focal depth
the effect of conduction on the domain BM,3=300 min, heating. The three focal depths are located at 6, 7, and 8 cm,
the size of heating cube varies from 3 to 20 mm and the peawhile the sizes of the acoustic window and the focal zone are
temperature is set at from 50 °C to 65 °C as the initial conmaintained at 100 and 1 énrespectively. The absorbed
dition. Figure 5 is the simulation result showing the relation-power density ratio for this triple-focal depth heating is cal-
ship among the peak temperature, the size of the heatingulated and scaled by using E) for each single-focal
cube, and the percentage of the domain it ,5=300 min  depth heating with a power weighting of 30%, 29.5%, and
of the heating cube on the —y’ plane. The percentage of 40.5% from the shallowest to the deepest. This figure dis-
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20 65 gion, is employed as the monitoring to determine the
cooling-time interval between the consecutive heating

o 15 6008, pulses. The heating pulse for the next unit is started when the
5 55 g monitoring temperature is lower than 43 tfor the first five
i 10 50§ units) or lower than 45 °Qfor the last four units The ab-
I g sorbed power density at the focal locations is 17 W tiior
5 45 2 the first four pulsegfor the four corner units 15 W cmi > for

the next four pulse&for the four side units and 13 W cm?

for the last pulse(for the central unit while the heating
duration 5 6 s for each pulse. Figure(@ shows the re-
sponses of temperature and thermal dose of the monitoring
point for the entire treatment process. The first three tem-
,,,,,,,,,,,,,,,,,, perature peaks are for the heating of unit 1 to 4, while the

PN
o

o}
'g other five are for the heating from unit 5 to 9. The first

a0 temperature rise includes the first and second unit heating

x o due to the monitoring temperature after heating the first one

«, : is lower than 43 °C. The curve of thermal dose shows that

) SRR [ m— — PO the monitoring temperature level for starting the next pulse

0 ) ;‘ 5 5 10 has a strong influence on the accumulation of the thermal

Z-D (cm) dose. Figures (b) and 7c) display the thermal dose distri-
Fic. 6. The triple-focal depth heating as shown in Fi¢c)lis used for a butions on thex:_y, plane .aﬁer heatlng the. first .unl.t ar.]d
1.1-3 cn? heating unit located at 7-cm deep, while the acoustic window sizebefore the heating of the fifth unit, respectively, indicating
is 100 cnf and the focal depths are located at 6, 7, and 8 cm deep with 4hat the effective treatment region is shifted with the power
power weighting of 30%, 29.5%, and 40.5% from the shallowest to thedeposition and the interaction influence between different
o tanes o e e somow e Neating pulses is small. Figuredd-7() are the thermal
resulting thermal dose. dose distributions on thg’—y’, x—z, andy-z planes, re-
spectively, when the heating for the entire treatment region is
finished and the monitoring temperature is lower than 40 °C.
plays that this approach can form a plateau of absorbedihese figures show that the domain wHM,3=300 min
power density with three peaks within the desired treatmencovers the entire predetermined heating c(de-3 cnt)
region and a sharp drop outside the region. These peaks with a small overdosed region of normal tissue in front of the
the desired treatment region indicate the three heating focg@redetermined region.
depths. The input power level is tuned to have the peak tem-
perature at the desired treatment region to reach 60.8 °C,
Figure 8b) shows the corresponding thermal dose distribu?v' DISCUSSION AND CONCLUSION
tion, indicating that an appropriate thermal dose distribution As a 10 mm cube of tissue is heated up-t65 °C within
for a 1.1-3 cnt treatment unit can be achieved—the thermala short duration the resulting thermal dose in the central por-
dose within the unit is higher than 300 min, and it dropstion reaches the treatment requiremeBM,;=300 min
sharply around the boundary. while it is below the requirement in the boundary region. A
When treating a 38-3 cn cube of tissue located at 7-cm higher absorbed power density is required on the boundary
deep, the heating sequence as shown in K@.i4 used. An  for compensating the energy loss caused by the great tem-
unwanted prefocal overheating region starting from theperature difference between the heating cube and the neigh-
boundary of the predetermined treatment region mayoring tissue, and consequentially the domain Eifl,3
appeat®~* when external ultrasound surgery with a se-=300 min can be extended to cover the entire heating cube.
guence of lesions is used for a large treatment volume. Tdo reduce the total amount of deposited energy a lower tem-
effectively reduce this problem, a temperature measuremeiperature rise can be assigned for the central portion of the
in front of the predetermined treatment region can be used dseating cube and a higher temperature for the boundary por-
the monitoring to determine the cooling-time interval be-tion. Figure 3f) indicates that the deposited energy for 60 °C
tween the consecutive heating pulses. The size of the ovecan be used in the boundary portion of the cube to overcome
heated normal tissue is related to the location of the monithe conduction influence while the energy for 55°C in the
toring temperature and its value for starting the next heatingentral portion. Therefore, the total deposited energy within
pulse. The location should be close to the predeterminethis cube can be effectively reduced and this energy can be
treatment region and able to sense the temperature respormregarded as the minimum value required to produce an ap-
of each heating pulse. A lower monitoring temperature forpropriate thermal dose distribution to cover the entire cube
starting the next pulse will produce a smaller overdosed refor this high-intensity short-duration therapy. This strategy
gion of the normal tissue, while it requires a longer overallwith higher energy deposited in the boundary portion of the
treatment time. In this study, the temperature(@t 0, 5 heating cube can be seen in Wetral 2" as well as Daum and
(unit: cm), 0.5 cm in front of the predetermined heating re- Hynynerf° for ultrasound thermal therapy and in Ocheltree
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and Frizzelt”*8for localized hyperthermia. Whereas, Fig. 2 heating cube, whereas the acoustic intensity used must be
reveals that with the same amount of total absorbed enerdgss than the threshold value for causing any cavitation.

the temperature rise produced by a shorter duration heating is In tissues with continuous wave sonication, the threshold
higher, indicating that the temperature required is not onlyintensity for transient cavitation has been found to be 75
related to the total absorbed energy but also to the heating/cm 2 at 0.368 MHz and 1450 W chf at 2.7 MHz?527
duration. Accordingly, the above target temperaturesturthermore, the results of Frizzell al?® indicate that cavi-
(~55°C for the central portion and 60 °C for the boundarytation may be responsible for the tissue damage produced at
portion of the heating cubecan be achieved by using a the intensity of 289 Wcm? at 1.0 MHz in vivo. Both the
shorter duration heating with a smaller amount of total ab-acoustic absorption of soft tissd&snd the threshold inten-
sorbed energy. For practical external thermal therapy, thsity of transient cavitation increase with ultrasound fre-
power is delivered through an entrance window at the skimquency. This denotes that higher frequencies should be used
and then converged to the desired treatment region. It is imin the thermal therapy for superficial tumors to avoid the
portant to heat the desired region effectively and efficientlycavitation problem. However, when treating deep-seated tu-
in order to obtain an appropriate thermal dose distribution immors, an appropriate frequency must be selected to avoid the
the desired treatment region and also to avoid the overdosingavitation problem and also to overcome the acoustic attenu-
of the normal tissue, especially in front of the desired treatation problem to be able to deliver enough power for the
ment region. This denotes that with a smaller amount of totatreatment. When the information of tumor size and depth is
delivered energy it is better to use a shorter duration heatingnown, an appropriate frequency and a suitable size of the
with a higher power density that can achieve the target temultrasound transducerelated to the acoustic window sjze
peratures for the central and the boundary portions of théor the treatment must be estimated based on the cavitation
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threshold around the focal depth, the limitation of the transnormal tissue when using external ultrasound thermal
ducer output power intensity, and the size of the heating unitherapy to treat a large tumor. The relationship among the
for each pulse. Then, a proper set of the absorbed powgreak temperature, the size of heating cube, and the percent-
density and the heating duration can be selected for the treatge of the domain witlE M 43=300 min for an ideal heating
ment. cube as shown in Fig. 5 indicates that the amount of the total
When a spherical transducer is used for the high-intensitgnergy required for treating the predetermined region is less
short-duration thermal therapy the lesion is relatively smalwhen selecting a larger size of heating unit, which the heat-
with an ellipsoidal volume. The absorbed power densitying system can achieve. This will result in having a less
drops sharply from the center to the boundary of the ellip-amount of the accumulated energy in the intervening tissue
soidal volume, and the thermal dose produced is very high adue to the overlapping of power deposition when the heating
the center and then descends sharply. The absorbed powgulses shift from one unit to another during the
pattern is fixed and the size of the lesion is determined by thereatment:”*82°The treatable size of heating unit is related
power level, heating duration, and blood perfusion. Thereto the tumor depth/location and the entrance window of the
fore, thermal conduction and blood perfusion can affect thailltrasound beam, which is determined by the heating system.
margin and size of the lesion as shown by Koliisal®®  The minimum size of entrance window required for ultra-
during the thermal therapy unless special ultrasound beamsound hyperthermia can be calculated based on the power
patterns are used. Lizei al>! tried to use a spherical trans- attenuation and the geometrical gairas well as based on
ducer with strip electrodes to generate appropriate asymmethe temperature distributiof.A similar concept can be used
ric beams to obtain an extended lesion volume. Timewitro  to determine the treatable size of heating unit for each pulse
experiment results conducted in bovine lenses show that thisased on the power attenuation, the geometrical gain, the
method is promising to reduce the number of required expolimitation of the output power intensity of the transducer, and
sure sites and to decrease the overall treatment time need#te threshold intensity of transient cavitation, when a specific
for a large tumor volume. For a smaller heating region, theacoustic window size is given.
ratio of the lost energy via thermal conduction to the total In addition to the treatable size of heating unit, a suitable
absorbed energy is greater and therefore the minimum derooling-time interval between the consecutive heating pulses
sity of the deposited energy in the heating region is inverselgan be used to effectively decrease the overheating/
proportional to its size for the thermal therapy. The peakoverdosing of the intervening normal tissue. In this study, the
temperature is almost linearly proportional to the absorbedemperature of some point in front of the predetermined
energy density for this short-duration heating, and thereforéreatment region is employed as the monitoring to control the
Fig. 5 indicates the relationship between the absorbed energyoling-time interval. As this point’s temperature is lower
density required and the size of the heating cube. For a 1than some level, the next heating pulse is then started. How-
mm heating cube, the energy density for 60 °C can be used iaver, this cooling interval prolongs the entire treatment pro-
the boundary portion of the cube, and that for 55 °C used irtess and may reduce the benefit of the high-intensity short-
the central portion. However, the energy densities for 65 °Quration technique, especially for a large treatment volume.
and 60 °C are required for the boundary and the central poiSome compromise is necessary between the overall treat-
tions of the heating cube, respectively, when the cube’s sizenent time and the overdosing in the normal tissue by select-
reduces to 5 mm. It obviously denotes that it is more effecing the monitoring temperature level for the next heating
tive and efficient to have a larger cube as a heating unipulse. Furthermore, to have a more uniform thermal dose
during the thermal therapy. Therefore, the total energy delivdistribution within the predetermined treatment region and a
ered to the same volume of desired treatment region is lesshorter overall treatment time, the heating sequence can start
when the treatment region is divided into a set of larger unitdrom the four corners of the predetermined treatment region
for a sequential heating. Consequentially, the overheating awith a little more absorbed power density and then to the
overdosing problem in the region between the skin and théour sides and the center with a little less absorbed power
desired treatment region can be easier to avoid when a podensity. The resultéFig. 7) of the proposed heating strategy
sibly larger heating unit is taken for external ultrasound therdenote that the use of the cooling-time interval can effec-
mal therapy. tively reduce the overheating/ overdosing problem of the
The three-dimensional simulation results of Meaneynormal tissue within a reasonable treatment tibogally 657
et al>2 and thein vitro experimental measurements of Mal- s from the start of the first pulse to the end of the)lést a
colm and ter Hadr showed that the heat dissipation patterns3-3-3 cnt treatment volume located at 7 cm deep. For a
from initial pulses in the lesion array formation could play alarge tumor it may use the combination of conventional hy-
significant role in the heating patterns for later pulses duringerthermia and thermal surgery technigue—the former one
focused ultrasound surgery. These results indicate that an afer the low perfusion region and the latter for high perfusion
propriate heating sequence is necessarily arranged to reduaad blood vessefS.
the accumulation of the absorbed energy and the temperature For this short-duration heating technique, the amount of
rise in the intervening normal tissue between the tumor andbsorbed energy density to obtain a given peak temperature
the entrance window. Therefore, both the selection of a suitis related to the blood perfusion level and the length of the
able size of heating unit and the arrangement of an approprheating duration. As the heating duration gets shorter, the
ate heating sequence are required to avoid the overdosing afmount of the energy taken away by blood perfusion during
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