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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 deposition~a cone with convergent/divergent shape! is used 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 Dewey@Int. J. Radiat. Oncol., Biol., Phys.10,
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. ©2001 American Association of Physicists in Medicine.
@DOI: 10.1118/1.1406516#
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I. INTRODUCTION

High-intensity short-duration focused ultrasound2–4 can be
used to deliver the acoustic energy in a predetermined re
to above an intensity/temperature threshold value5–8 suffi-
cient for necrosis. When the treatment volume is large a
quence of lesions is necessary by using this ultraso
surgery9–15 to cover the entire treatment region and an u
wanted prefocal heating may appear.2,16–18 To reduce this
problem, some cooling time is required between the lesi
and consequently the total treatment time increases.18,19Wan
et al.17 investigated the possibility of using a spherica
section phased array to generate multiple-focus pattern
reduce the overall treatment time. Their results showed
the strategy with nonscanned simultaneous multiple-fo
required the smallest maximum intensity and dose, resu
in the most uniform dose distribution, and significantly r
duced the treatment time. Furthermore, Daum a
Hynynen20 used a 16-element, spherically sectioned array
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optimize thermal dose in ultrasound surgery using the m
scanning technique with power level determined nume
cally. By optimizing the thermal dose over a tissue volum
the peak temperature is decreased, less average power
pended, and the overall treatment time is shortened. The
sorbed power deposition, heating duration, peak tempera
size of heating cube of tissue, blood perfusion in the tissu
and the heating sequence are the parameters that poten
affect the temperature distribution and the thermal dose d
ing ultrasound thermal therapy.

This work examines the relationship between the ab
parameters and the thermal dose distribution by employ
an ideal absorbed power deposition and an ideal tempera
elevation for a heating cube of tissue. Theoretical study
the sequential heating for a large tumor is based on a sim
fied power deposition model as a cone of converge
divergent shape to investigate the heating unit, the cooli
time interval between the consecutive pulses, and
overheating/overdosing problem in the intervening tiss
217210…Õ2172Õ10Õ$18.00 © 2001 Am. Assoc. Phys. Med.
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The results can serve as the basis for planning optimal s
egy to adjust transducer output power to produce the ther
dose in the desired treatment region above the thresh
while minimizing the overall treatment time, the outp
power from the transducer, and the overdosing region of
normal tissue.

II. METHODS AND MATERIALS

A. Power depositions for parametric study and
external ultrasound heating

Figure 1~a! shows that a desired treatment region is
vided into nine units~with 1•1•3 cm3 for each one! and an
ultrasound applicator is sequentially moved to treat this
gion using the high-intensity short-duration heating a
proach. The ultrasound applicator can be a two-dimensio
phased array,17,18,20which has the ability to produce differen
heating patterns by changing the amplitude and phas
each array element. In addition, there is a feasibility to fo
an appropriate power deposition to meet the desired by v
ing the scan parameters of an ultrasound heating system
multiple-focused transducers.21 The power deposition within
a small heating cube is considered first to examine the r
tionship between temperature, thermal dose, and po
deposition. For this parametric study, the power deposi
within this small heating cube is further simplified as
ideal power deposition, which is the goal we try to deliver
a cube of tissue located in the central portion of the sim
lated tissue as shown in Fig. 1~b!. The size of the heating
cube of tissue isL cm, and the power is assumed direc
deposited in this cube and a uniform absorption is also
sumed.

When using external ultrasound method to heat a sm
cube of tissue, the deposition of ultrasound energy is m
eled as a square cone of convergent/divergent shap
shown in Fig. 1~c!. The left side with an area ofA(0) is
regarded as the acoustic window at the skin surface for
ultrasonic beam, and the narrowest region with an area
A(zt) is regarded as the focal area at the focal depth,zt , and
the ultrasonic beam is propagated divergently beyond
zone. The total ultrasound energy is attenuated accordin
the exponential law and the deposition of ultrasonic inten
within the conical region is assumed as a uniform distrib
tion at each depth.22,23Assuming that the ultrasound intens
ties are not large enough to cause wave distortion24,25 and/or
transient cavitation26–28and attenuation and absorption coe
ficients for the tissues are equal~all of the attenuated energ
is absorbed in the heating field!,29 then the absorbed ultra
sound power density in homogeneous and uniform
attenuating media is proportional to the ultrasound intens
Hence, we can obtain the absorbed power density at depz
as

q~z!52a•I ~z!52m•

Q~0!•e22mz

A~z!

with
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AA~z!5AA~zt!1~AA~0!2AA~zt!!•
uz2ztu

zt

~ from the geometry!, ~1!

where I (z) and q(z) are the ultrasound intensity and th
absorbed power density at the depthz; a is the ultrasonic
absorption coefficient of the tissue@5m: ultrasound attenua
tion per unit path length~5 Np m21!#; Q(0) denotes the tota
ultrasonic power propagating through the acoustic windo
A(0); A(zt) is the cross-sectional area with ultrasou
power deposition at the focal depthzt .

The ratio of absorbed power density at the depthz to the
acoustic window is

FIG. 1. Schematic diagram of the geometry studied for the distribution
thermal dose equivalence (EM43) in the tissue.~a! A large, deep tumor is
divided into nine heating units~with 1•1•3 cm3 for each one! and an ultra-
sound transducer is arranged to heat the units sequentially using the
intensity short-duration technique;~b! a cube of tissue with a length ofL cm
is located in the simulated tissue, the locations of~a!, ~b!, and~c! are~0,0,0!,
~0.5 L, 0, 0!, and ~0.5 L, 0.5 L, 0.5 L!, respectively, and the responses
thermal dose on thex8–y8 plane and along theo8–x8 axis are considered in
this study;~c! a triple-focal depth heating with a suitable power weighting
used for a heating unit with a dimension of 1•1•3 cm3.
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SR~z;0!5
q~z!

q~0!
5

2m•

Q~0!•e22mz

A~z!

2m•

Q~0!

A~0!

5
A~0!

A~z!
•e22mz, ~2!

whereq(0) is the absorbed ultrasound power density at
acoustic window.

B. Temperature solver and thermal dose calculation

Pennes30 transient bio-heat transfer equation~BHTE! was
used to solve the temperature distribution for a given
sorbed power deposition,

rc
]T

]t
5k¹2T2Wcb~T2Tar!1q. ~3!

The above BHTE is a good approximation that offers a pr
tical approach for modeling bio-thermal processes31–33 and
performing general parameter studies, even though it
simplification neglecting the effects of discrete blood vess
and the redistribution of thermal energy within the local va
cular network. We select the thermal properties to appro
mate averages for soft tissues.34–36The thermal conductivity
~k! is 0.56~W m21 °C21!, the specific heat of blood (cb) and
tissue (c) is 3770~J kg21 °C21!, the tissue density~r! is 1150
kg m23, the arterial temperature (Tar) is 37 °C. Typical blood
perfusion rates are 1–11.5, 0.15–0.5, 0.5, 0.1, 10, and
kg m23 s21 for skin, fat, muscle, bone, brain, and live
respectively.37 The reported perfusions of human tumors a
0.15–16 kg m23 s21, with a median value 2.9 kg m23 s21.38

To investigate the effect of blood perfusion on the tempe
ture and the thermal dose, a uniform perfusion~W! is as-
sumed for the entire region and the perfusion rate is va
from 0 to 20 kg m23 s21. For the other studies, a consta
value 2.0 kg m23 s21 for the entire simulated tissue is use
The anatomic and physiological properties were assume
remain constant throughout the entire field, and metabol
was neglected due to its small contribution to temperat
changes.32,39

The temperature change near the cube boundary is
sharp for the study of the temperature and thermal d
within a small heating cube. To assure the convergence o
simulation, the finite element method was used with a m
finer mesh around the cube boundary. The transient BH
was numerically approximated using the Frontal Solver
the commercialized software Ansys 5.4/Matlab 5.2, which
based on Finite Element Method to obtain the thr
dimensional temperature field induced by the absor
power deposition. As solving the temperature, the elem
size used for the heating cube isL/12 and that increases wit
the distance for the region surrounding the cube, and
number of the node is 20 for each element. The time ste
between 0.02 and 2 s, depending on the speed of temper
variation. The volume of the simulated region increas
greatly when using the external heating strategy to trea
region of tissue with the convergent/divergent shape of ul
sound power deposition. It is relatively advantageous to
the finite difference method to obtain the numerical solut
Medical Physics, Vol. 28, No. 10, October 2001
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of the three-dimensional temperature distribution for the l
computational time and smaller computer memory.40 The
spatial and temporal grid sizes used are 0.5 mm and 0.0
respectively. In general, the accuracy of these two numer
methods is about the same.41

To calculate the thermal dose equivalent in minutes
43 °C (EM43) which can describe the extent of the therm
damage or destruction of tissue,1,42,43 the Sapareto–Dewey
expression1 was used,

EM43~ in min!5E R(T243) dt, ~4!

whereR52 for T>43 °C andR54 for 37 °C,T,43 °C,T
andt represent temperature and time, respectively, andEM43

is thermal dose equivalence in minutes. Equation~4! is used
to calculate the accumulation of thermal dose at each p
over the course of treatment during the simulated heating
cool-down response. The threshold dose for total necr
ranges fromEM43530 to 240 min for brain and muscl
tissue, respectively.4,42 For this simulation study a conserva
tive value (EM435300 min! has been taken, which is simila
to the analysis of Damianouet al.4 for focused ultrasound
surgery and Diederich and Burdette44 for prostate ultrasound
thermal therapy.

III. RESULTS

Figures 2~a! and 2~b! are the temperature responses
locations~a! and~b! as shown in Fig. 1~b! when the absorbed
power density and the heating duration in Table I are giv
for the heating cube of tissue with a size of 10 mm. Duri
the heating the temperature rise at the center of the c
increases almost linearly with time, especially for the shor
duration cases. For the same amount of total absorbed
ergy, the resulting peak temperature is higher for a sho
heating duration with a higher absorbed power density. T
peak temperature is also related to the location and it
clines from the center to the boundary of the cube. Figu
2~c! and 2~d! show the responses of thermal dose equi
lence (EM43) corresponding to the temperatures in Figs. 2~a!
and 2~b!, respectively. The accumulation ofEM43 reaches its
maximum faster for a shorter duration heating and its ma
mum value is proportional to the peak temperature. T
maximum value ofEM43 declines from the center of th
cube to the boundary as the peak temperature does. Fig
2~e! and 2~f! display the resulting domain ofEM43>300 min
on thex8–y8 plane and the distribution ofEM43 along the
o8–x8 axis, respectively. These two figures indicate tha
shorter duration heating produces a higherEM43 and a larger
plateau ofEM43>300 min for the same amount of absorb
energy. TheEM43 on the corner of the heating cube is diffi
cult to reach 300 min due to the very strong heat conduct
conversely the domain ofEM43>300 min extends outside
the heating cube in the normal direction of the cube’s fa
for the shorter duration cases. Figures 2~a!–2~f! show that
the accumulation ofEM43 for the shorter duration heating i
mainly from the period of temperature decaying, while t
portion of this accumulation from the heating duration i
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creases for the longer duration heating and blood perfu
has more influence. For this short-duration heating, the p
temperature produced is the key factor to determine the l
of EM43 and its distribution.

To investigate the effect of the peak temperature on
resulting thermal dose during thermal therapy, the temp
ture of the entire heating cube is set at from 45 °C to 75 °C
the initial condition. Figures 3~a! and 3~b!, the temperature
responses at locations~a! and~c!, show that the effect of hea
conduction on the temperature descent is highly position
lated. The temperature at the center of the heating cube
scends very slowly, whereas on the corner it drops sharp
the very beginning. Figures 3~c! and 3~d!, the responses o
thermal dose corresponding to Figs. 3~a! and 3~b!, display
that for the same peak temperature the resultingEM43 at the
center of the heating cube is much higher than that on
corner. The minimum peak temperature to obtainEM43

FIG. 2. ~a!–~d! The responses of temperature and thermal dose at the
tions ~a! and ~b!, and ~e! the contours ofEM435300 min on thex8–y8
plane and~f! the thermal dose distribution along theo8–x8 axis for the
heating cases in Table I. The horizontal dashed line in~c!, ~d!, ~f! represents
EM435300 min and the other dashed lines in~e!–~f! are the boundary of the
heating cube.

TABLE I. The absorbed power density and the heating duration for the c
of tissue as shown in Fig. 1~b!.

Case 1 2 3 4 5 6 7 8

Adsorbed power
density~W cm23! 120 60 40 20 10 5 3 2
Heating duration
~s! 1 2 3 6 12 24 40 60
Medical Physics, Vol. 28, No. 10, October 2001
n
ak
el

e
a-
s

e-
e-
at

e

>300 min for the center is;53 °C, and this temperature i
much lower than;65 °C required for the corner of the hea
ing cube. Figures 3~e! and 3~f! show the domain ofEM43

>300 min on thex8–y8 plane and the distribution ofEM43

along theo8–x8 axis, respectively, for different peak tem
peratures. A higher peak temperature can produce a la
domain ofEM43>300 min, which even covers the corner
the heating cube, while this domain shrinks to the cen
portion of the cube and then disappears as the peak temp
ture decreases.

To study the effect of blood perfusion on the temperat
and the thermal dose, the peak temperature is set at 60 °C
the entire heating cube as the initial condition while the p
fusion varies from 0 to 20 kg m23 s21. Figures 4~a! and 4~b!,
the temperature responses for locations~a! and~b!, show that
the influence of perfusion on the temperature accumula
with time and the temperature differences among differ
perfusion levels become greater as the time passes. The
perature descent is also related to heat conduction that
function of location. On the boundary of the heating cub
the temperature drops sharply at the very beginning du
the great temperature difference between the heating c
and the surrounding tissue. Figures 4~c! and 4~d! are the
domain ofEM43>30 min on thex8–y8 plane and the dis-
tributions of thermal dose along theo8–x8 axis, respectively.
The results obviously indicate that blood perfusion affe
the final level of thermal dose in the central portion of t

a-

e

FIG. 3. ~a!–~d! The responses of temperature and thermal dose at the l
tions~a! and~c!, and~e! the contours ofEM435300 min on thex8–y8 plane
and ~f! the thermal dose distribution along theo8–x8 axis when the initial
temperature of the entire heating cube is set at from 45 °C to 75 °C.
horizontal dashed line in~c!, ~d!, ~f! representsEM435300 min, and the
other dashed lines in~e!–~f! are the boundary of the heating cube.



a
tin
e
o
ce
e
th

lt-
on
os
u

ta
tra
ith

m
m
tu
th
n

m
te
tin
th
a

ea
on
n
ti

f

r a
re-
ent-
ra-
age.
een
po-

an
this
nd
ined
at-
for
are

ent,

t.
ed
an
By

-
the

rm
s

nd

er
re
h
cm,
are
d
al-

nd
is-

el

ting

2176 Lin et al. : External ultrasound thermal therapy 2176
heating cube, whereas the influence becomes trivial as
proaching the boundary. On the boundary of the hea
cube, the thermal doses of different blood perfusion lev
converge together due to the thermal conduction is so str
that the effect of blood perfusion is almost negligible. Hen
the domain ofEM43>300 min is actually maintained th
same for different perfusion levels. This can be seen in
simulation study of Hunt et al.11 and in vivo dog
experiments45,46 when the heating region is small the resu
ing thermal dose is independent of perfusion level. C
versely, the influence of blood perfusion on the thermal d
becomes greater as closer to the center of the heating c
This indicates that blood perfusion may become an impor
factor when a lower power density is used in the cen
portion of the heating cube to save the delivered energy w
out knowing the magnitude of blood perfusion.

The above results show that heat conduction is the do
nating factor for the responses of temperature and ther
dose on the boundary of the heating cube. Both tempera
and thermal dose drop sharply on the boundary due to
heat conduction caused by the great temperature differe
between the heating cube and the surrounding tissue, al
independent of blood perfusion. The thermal dose is rela
to the peak temperature as well as position in the hea
cube, and its distribution is possibly related to the size of
heating cube due to heat conduction. To further investig
the effect of conduction on the domain ofEM43>300 min,
the size of heating cube varies from 3 to 20 mm and the p
temperature is set at from 50 °C to 65 °C as the initial c
dition. Figure 5 is the simulation result showing the relatio
ship among the peak temperature, the size of the hea
cube, and the percentage of the domain withEM43>300 min
of the heating cube on thex8–y8 plane. The percentage o

FIG. 4. ~a! and~b! The temperature responses at the locations~a! and~b!, as
well as~c! the contours ofEM435300 min on thex8–y8 plane and~d! the
thermal dose distribution along theo8–x8 axis when the initial temperature
of the entire heating cube is set at 60 °C for different blood perfusion lev
The horizontal dashed line in~d! denotesEM435300 min, and the other
dashed lines in~c!–~d! indicate the boundary of the heating cube.
Medical Physics, Vol. 28, No. 10, October 2001
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this domain increases with a larger heating cube and/o
higher peak temperature. For a smaller heating cube it
quires a higher peak temperature to obtain the same perc
age ofEM43>300 min, whereas, for the same peak tempe
ture a larger heating cube can result in a greater percent

The above study investigates the relationship betw
temperature, thermal dose, blood perfusion, and power de
sition within an ideal small heating cube. When using
external heating method to treat a tumor larger than
small cube, the tumor region is divided into several units a
an ultrasound transducer is moved to treat the predeterm
unit sequentially. To theoretically study the sequential he
ing of a large tumor, the deposition of ultrasound energy
a single-focal depth heating is simply modeled as a squ
cone of convergent/divergent shape as shown in Fig. 1~c!.
This single-focal depth heating can produce a small segm
around the focal depth, with the absorbed power density~or
the peak temperature! higher than the treatment requiremen
For a multiple-focal depth heating, the focal depth shift
forward and backward with a proper power weighting, c
produce a larger heating segment in the depth direction.
appropriately shifting the ultrasound applicator in thex–y
plane, a domain withEM43>300 min conformal to the de
sired treatment region can be produced. For example,
desired treatment region is a 3•3•3 cm3 cube and this treat-
ment region is divided into nine units with a size of 1•1•3
cm3 for each one. A triple-focal depth heating is used to fo
a 1•1•3 cm3 with EM43>300 min in the depth direction a
shown in Fig. 1~c! and the entire treatment region~3•3•3
cm3! can be sequentially heated by shifting the ultrasou
applicator in thex–y plane as shown in Fig. 1~a!.

Figure 6~a! shows the distributions of the absorbed pow
density ratio along thez axis and the resulting temperatu
just after a 6 s duration of pulse for a triple-focal dept
heating. The three focal depths are located at 6, 7, and 8
while the sizes of the acoustic window and the focal zone
maintained at 100 and 1 cm2, respectively. The absorbe
power density ratio for this triple-focal depth heating is c
culated and scaled by using Eq.~2! for each single-focal
depth heating with a power weighting of 30%, 29.5%, a
40.5% from the shallowest to the deepest. This figure d

s.

FIG. 5. Relationship among the initial peak temperature, the size of hea
cube, and the percentage of area withEM43>300 min on the intersecting
area of the heating cube and thex8–y8 plane.
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plays that this approach can form a plateau of absor
power density with three peaks within the desired treatm
region and a sharp drop outside the region. These peak
the desired treatment region indicate the three heating f
depths. The input power level is tuned to have the peak t
perature at the desired treatment region to reach 60.8
Figure 6~b! shows the corresponding thermal dose distrib
tion, indicating that an appropriate thermal dose distribut
for a 1•1•3 cm3 treatment unit can be achieved—the therm
dose within the unit is higher than 300 min, and it dro
sharply around the boundary.

When treating a 3•3•3 cm3 cube of tissue located at 7-cm
deep, the heating sequence as shown in Fig. 1~a! is used. An
unwanted prefocal overheating region starting from
boundary of the predetermined treatment region m
appear2,16–18 when external ultrasound surgery with a s
quence of lesions is used for a large treatment volume
effectively reduce this problem, a temperature measurem
in front of the predetermined treatment region can be use
the monitoring to determine the cooling-time interval b
tween the consecutive heating pulses. The size of the o
heated normal tissue is related to the location of the mo
toring temperature and its value for starting the next hea
pulse. The location should be close to the predetermi
treatment region and able to sense the temperature resp
of each heating pulse. A lower monitoring temperature
starting the next pulse will produce a smaller overdosed
gion of the normal tissue, while it requires a longer over
treatment time. In this study, the temperature at~0, 0, 5!
~unit: cm!, 0.5 cm in front of the predetermined heating r

FIG. 6. The triple-focal depth heating as shown in Fig. 1~c! is used for a
1•1•3 cm3 heating unit located at 7-cm deep, while the acoustic window s
is 100 cm2 and the focal depths are located at 6, 7, and 8 cm deep wi
power weighting of 30%, 29.5%, and 40.5% from the shallowest to
deepest.~a! The absorbed power density ratio~solid line! and the tempera-
ture distribution~dashed line! along thez axis, and~b! the contour of the
resulting thermal dose.
Medical Physics, Vol. 28, No. 10, October 2001
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gion, is employed as the monitoring to determine t
cooling-time interval between the consecutive heat
pulses. The heating pulse for the next unit is started when
monitoring temperature is lower than 43 °C~for the first five
units! or lower than 45 °C~for the last four units!. The ab-
sorbed power density at the focal locations is 17 W cm23 for
the first four pulses~for the four corner units!, 15 W cm23 for
the next four pulses~for the four side units!, and 13 W cm23

for the last pulse~for the central unit!, while the heating
duration is 6 s for each pulse. Figure 7~a! shows the re-
sponses of temperature and thermal dose of the monito
point for the entire treatment process. The first three te
perature peaks are for the heating of unit 1 to 4, while
other five are for the heating from unit 5 to 9. The fir
temperature rise includes the first and second unit hea
due to the monitoring temperature after heating the first
is lower than 43 °C. The curve of thermal dose shows t
the monitoring temperature level for starting the next pu
has a strong influence on the accumulation of the ther
dose. Figures 7~b! and 7~c! display the thermal dose distri
butions on thex8–y8 plane after heating the first unit an
before the heating of the fifth unit, respectively, indicati
that the effective treatment region is shifted with the pow
deposition and the interaction influence between differ
heating pulses is small. Figures 7~d!–7~f! are the thermal
dose distributions on thex8–y8, x–z, and y–z planes, re-
spectively, when the heating for the entire treatment regio
finished and the monitoring temperature is lower than 40
These figures show that the domain withEM43>300 min
covers the entire predetermined heating cube~3•3•3 cm3!
with a small overdosed region of normal tissue in front of t
predetermined region.

IV. DISCUSSION AND CONCLUSION

As a 10 mm cube of tissue is heated up to;55 °C within
a short duration the resulting thermal dose in the central p
tion reaches the treatment requirement (EM43>300 min!
while it is below the requirement in the boundary region.
higher absorbed power density is required on the bound
for compensating the energy loss caused by the great
perature difference between the heating cube and the ne
boring tissue, and consequentially the domain ofEM43

>300 min can be extended to cover the entire heating cu
To reduce the total amount of deposited energy a lower t
perature rise can be assigned for the central portion of
heating cube and a higher temperature for the boundary
tion. Figure 3~f! indicates that the deposited energy for 60
can be used in the boundary portion of the cube to overco
the conduction influence while the energy for 55 °C in t
central portion. Therefore, the total deposited energy wit
this cube can be effectively reduced and this energy can
regarded as the minimum value required to produce an
propriate thermal dose distribution to cover the entire cu
for this high-intensity short-duration therapy. This strate
with higher energy deposited in the boundary portion of
heating cube can be seen in Wanet al.17 as well as Daum and
Hynynen20 for ultrasound thermal therapy and in Ocheltr
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FIG. 7. The heating sequence with a heating unit
1•1•3 cm3 as shown in Fig. 1~a! is employed for a
3•3•3 cm3 cube located atz57 cm. The temperature a
z55 cm, 0.5 cm in front of the heating region, is use
as the monitoring to determine the cooling-time inte
vals.~a! The responses of temperature~solid curve! and
thermal dose~dashed curve! for the monitoring point
during the entire treatment;~b! the thermal dose distri-
bution on thex8–y8 plane before the heating of the
second unit,~c! before the heating of the fifth unit, a
well as ~d! after the heating of all nine units and th
monitoring temperature lower than 40 °C;~e!–~f! the
thermal dose distribution on thex–z and y–z planes,
respectively, for~d!.
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and Frizzell47,48 for localized hyperthermia. Whereas, Fig.
reveals that with the same amount of total absorbed en
the temperature rise produced by a shorter duration heatin
higher, indicating that the temperature required is not o
related to the total absorbed energy but also to the hea
duration. Accordingly, the above target temperatu
~;55 °C for the central portion and 60 °C for the bounda
portion of the heating cube! can be achieved by using
shorter duration heating with a smaller amount of total
sorbed energy. For practical external thermal therapy,
power is delivered through an entrance window at the s
and then converged to the desired treatment region. It is
portant to heat the desired region effectively and efficien
in order to obtain an appropriate thermal dose distribution
the desired treatment region and also to avoid the overdo
of the normal tissue, especially in front of the desired tre
ment region. This denotes that with a smaller amount of to
delivered energy it is better to use a shorter duration hea
with a higher power density that can achieve the target t
peratures for the central and the boundary portions of
Medical Physics, Vol. 28, No. 10, October 2001
gy
is

y
ng
s

-
e
n
-

y
n
ng
t-
al
g
-
e

heating cube, whereas the acoustic intensity used mus
less than the threshold value for causing any cavitation.

In tissues with continuous wave sonication, the thresh
intensity for transient cavitation has been found to be
W cm22 at 0.368 MHz and 1450 W cm22 at 2.7 MHz.26,27

Furthermore, the results of Frizzellet al.28 indicate that cavi-
tation may be responsible for the tissue damage produce
the intensity of 289 W cm22 at 1.0 MHz in vivo. Both the
acoustic absorption of soft tissues49 and the threshold inten
sity of transient cavitation increase with ultrasound fr
quency. This denotes that higher frequencies should be u
in the thermal therapy for superficial tumors to avoid t
cavitation problem. However, when treating deep-seated
mors, an appropriate frequency must be selected to avoid
cavitation problem and also to overcome the acoustic atte
ation problem to be able to deliver enough power for t
treatment. When the information of tumor size and depth
known, an appropriate frequency and a suitable size of
ultrasound transducer~related to the acoustic window size!
for the treatment must be estimated based on the cavita
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threshold around the focal depth, the limitation of the tra
ducer output power intensity, and the size of the heating
for each pulse. Then, a proper set of the absorbed po
density and the heating duration can be selected for the t
ment.

When a spherical transducer is used for the high-inten
short-duration thermal therapy the lesion is relatively sm
with an ellipsoidal volume. The absorbed power dens
drops sharply from the center to the boundary of the el
soidal volume, and the thermal dose produced is very hig
the center and then descends sharply. The absorbed p
pattern is fixed and the size of the lesion is determined by
power level, heating duration, and blood perfusion. The
fore, thermal conduction and blood perfusion can affect
margin and size of the lesion as shown by Kolioset al.50

during the thermal therapy unless special ultrasound b
patterns are used. Lizziet al.51 tried to use a spherical trans
ducer with strip electrodes to generate appropriate asym
ric beams to obtain an extended lesion volume. Theirin vitro
experiment results conducted in bovine lenses show that
method is promising to reduce the number of required ex
sure sites and to decrease the overall treatment time ne
for a large tumor volume. For a smaller heating region,
ratio of the lost energy via thermal conduction to the to
absorbed energy is greater and therefore the minimum
sity of the deposited energy in the heating region is invers
proportional to its size for the thermal therapy. The pe
temperature is almost linearly proportional to the absor
energy density for this short-duration heating, and theref
Fig. 5 indicates the relationship between the absorbed en
density required and the size of the heating cube. For a
mm heating cube, the energy density for 60 °C can be use
the boundary portion of the cube, and that for 55 °C used
the central portion. However, the energy densities for 65
and 60 °C are required for the boundary and the central
tions of the heating cube, respectively, when the cube’s
reduces to 5 mm. It obviously denotes that it is more eff
tive and efficient to have a larger cube as a heating
during the thermal therapy. Therefore, the total energy de
ered to the same volume of desired treatment region is
when the treatment region is divided into a set of larger u
for a sequential heating. Consequentially, the overheatin
overdosing problem in the region between the skin and
desired treatment region can be easier to avoid when a
sibly larger heating unit is taken for external ultrasound th
mal therapy.

The three-dimensional simulation results of Mean
et al.52 and thein vitro experimental measurements of Ma
colm and ter Haar53 showed that the heat dissipation patter
from initial pulses in the lesion array formation could play
significant role in the heating patterns for later pulses dur
focused ultrasound surgery. These results indicate that an
propriate heating sequence is necessarily arranged to re
the accumulation of the absorbed energy and the tempera
rise in the intervening normal tissue between the tumor
the entrance window. Therefore, both the selection of a s
able size of heating unit and the arrangement of an appro
ate heating sequence are required to avoid the overdosin
Medical Physics, Vol. 28, No. 10, October 2001
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normal tissue when using external ultrasound therm
therapy to treat a large tumor. The relationship among
peak temperature, the size of heating cube, and the perc
age of the domain withEM43>300 min for an ideal heating
cube as shown in Fig. 5 indicates that the amount of the t
energy required for treating the predetermined region is
when selecting a larger size of heating unit, which the he
ing system can achieve. This will result in having a le
amount of the accumulated energy in the intervening tis
due to the overlapping of power deposition when the hea
pulses shift from one unit to another during th
treatment.17,18,20The treatable size of heating unit is relate
to the tumor depth/location and the entrance window of
ultrasound beam, which is determined by the heating syst
The minimum size of entrance window required for ultr
sound hyperthermia can be calculated based on the po
attenuation and the geometrical gain,29 as well as based on
the temperature distribution.54 A similar concept can be use
to determine the treatable size of heating unit for each pu
based on the power attenuation, the geometrical gain,
limitation of the output power intensity of the transducer, a
the threshold intensity of transient cavitation, when a spec
acoustic window size is given.

In addition to the treatable size of heating unit, a suita
cooling-time interval between the consecutive heating pu
can be used to effectively decrease the overheat
overdosing of the intervening normal tissue. In this study,
temperature of some point in front of the predetermin
treatment region is employed as the monitoring to control
cooling-time interval. As this point’s temperature is low
than some level, the next heating pulse is then started. H
ever, this cooling interval prolongs the entire treatment p
cess and may reduce the benefit of the high-intensity sh
duration technique, especially for a large treatment volum
Some compromise is necessary between the overall tr
ment time and the overdosing in the normal tissue by sel
ing the monitoring temperature level for the next heati
pulse. Furthermore, to have a more uniform thermal d
distribution within the predetermined treatment region an
shorter overall treatment time, the heating sequence can
from the four corners of the predetermined treatment reg
with a little more absorbed power density and then to
four sides and the center with a little less absorbed po
density. The results~Fig. 7! of the proposed heating strateg
denote that the use of the cooling-time interval can eff
tively reduce the overheating/ overdosing problem of
normal tissue within a reasonable treatment time~totally 657
s from the start of the first pulse to the end of the last! for a
3•3•3 cm3 treatment volume located at 7 cm deep. For
large tumor it may use the combination of conventional h
perthermia and thermal surgery technique—the former
for the low perfusion region and the latter for high perfusi
and blood vessels.55

For this short-duration heating technique, the amount
absorbed energy density to obtain a given peak tempera
is related to the blood perfusion level and the length of
heating duration. As the heating duration gets shorter,
amount of the energy taken away by blood perfusion dur
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the heating is less and the effect of blood perfusion on
resulting peak temperature is smaller. While, the influence
blood perfusion is considerable for a high blood perfus
situation with a long heating duration. This can be seen
Fig. 2~a! that the peak temperature decreases for a lon
heating duration and in Figs. 4~a! and 4~d! that the tempera-
ture drops faster and the resulting thermal dose decrease
a higher blood perfusion. As shown in Fig. 2~a!, the peak
temperatures are about the same for the first six cases
their values are about equal to the absorbed energy de
divided by the product of tissue density and specific heat.
treating a volume of tissue with high perfusion condition,
is recommended to use a shorter heating duration to red
the effect of blood perfusion while considering the transi
cavitation, the output power limitation and the treatable s
of heating unit.

This study uses the absorbed power deposition and
peak temperature to investigate the responses of temper
and thermal dose in the tissue. The temperature may
higher than 60 °C for this high-intensity short-duratio
therapy. As the temperature approaches;60 °C, the denatur-
ation of the tissue occurs and the attenuation within t
volume increases.56–58When the temperature in the tissue
higher than 60 °C during the external ultrasound therm
therapy the distribution of the power deposition may shift
form an absorbed power deposition different from the p
sumed pattern. The peak temperature for the predeterm
treatment region is required to maintain below 60 °C, oth
wise further study is necessary for the higher temperatur
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