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External ultrasound hyperthermia is a very flexible modality for heating deep-seated tumors due to
its deep penetration and focusing ability. However, under the constraints of the available acoustic
aperture size for the ultrasonic beam, ultrasonic attenuation, as well as other anatomic properties, it
may not be able to deliver sufficient ultrasonic energy to heat a large tumor located in a deep region
without overheating the normal tissue between the tumor and the aperture. In this work, we employ
a simulation program based on the steady-state bioheat transfer equation and an ideal ultrasound
power deposition~a cone with convergent/divergent shape! to examine the relationship between the
minimal diameter of the acoustic aperture and the tumor conditions. Tissue temperatures are used to
determine the appropriate aperture diameter and the input power level for a given set of tumor
conditions. Due to the assumed central axis symmetry of the power intensity deposition and ana-
tomic properties, a two-dimensional (r 2z) simulation program is utilized. Factors determining the
acoustic aperture diameter and the input power level considered here are the tumor size, tumor
depth, ultrasonic attenuation in tissue, blood perfusion, and temperature of the surface cooling
water. Simulation results demonstrate that tumor size, tumor depth, and ultrasonic attenuation are
major factors affecting the aperture diameter of the ultrasonic beam to obtain an appropriate tem-
perature distribution, while blood perfusion and the temperature of the surface cooling water are the
minor factors. Plots of the effects of these factors can be used as the guideline for designing an
optimal ultrasound heating system, arranging the transducers, and planning further treatments.
© 1999 American Association of Physicists in Medicine.@S0094-2405~99!01505-9#
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I. INTRODUCTION

Due to the physical characteristics of acoustic propagatio
living tissues, the power deposition field of ultrasound e
ergy can be focused to specific depths in soft tissues. To
deep-seated tumors, focused or multiple overlapping fie
must be used. Three general approaches are evaluated
laboratory and/or in clinical trials:~a! single or multiple
beams directed or focused onto the tumors,1–5 ~b! a well-
focused beam scanned rapidly across the tumor to gen
an enhanced temperature distribution,6–11 and ~c! a phased
array excited by independent sources with defined pha
and amplitudes.12–14The above approaches attempt to sel
the driving frequency, arrange the system parameters,
use surface cooling water to reduce the skin temperatur
order to obtain an appropriate power deposition to hea
deep-seated tumor. The ultrasonic beam must enter throu
large skin area and then converge into a much smaller ta
818 Med. Phys. 26 „5…, May 1999 0094-2405/99/26„5…
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area in order to induce a higher temperature at the des
depth.15 Therefore, the above systems would overheat
intervening normal tissue between the aperture and the ta
volume during the treatments when the acoustic aperture
is insufficient for a specific tumor. The geometrical ga
(D2/d2, as shown in Fig. 1! needed to overcome the atten
ation losses can be calculated. Based on the equal abso
power density at the skin surface and at the depth to
heated, Hynynen15 plotted the minimal diameter of the
acoustic aperture required. According to his results, the
quired geometrical gain depends heavily on the driving f
quency, as well as the diameter and depth of the target
ume.

In this study, we investigate the minimal diameter of
aperture required for an ultrasonic beam to heat a de
seated tumor based on the bioheat transfer equation to d
mine the temperature distributions when the tumor con
818/818/7/$15.00 © 1999 Am. Assoc. Phys. Med.
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tions are given. A comprehensive investigation reveals
the aperture diameter is proportional to the tumor depth,
tumor diameter, and the ultrasonic attenuation in tissue.
temperature of the surface cooling water can be used to
fectively reduce the tissue temperature close to the skin,
cannot reduce the acoustic aperture diameter required fo
propriately heating a deep-seated tumor. A higher blood p
fusion produces a higher maximal temperature within
tumor region; however, it is only a minor factor affecting th
acoustic aperture size.

II. METHOD

The region of significant ultrasound intensity within th
tissue can be modeled as two truncated cones yieldin
convergent/divergent shape as shown in Fig. 1. The left
with a diameter ofD cm is referred to as the entrance ap
ture for the ultrasonic beam. The narrowest region, with
diameter ofd cm, is regarded as the focal zone, while beyo
this zone the ultrasonic beam diverges. A spherical tum
with a diameter ofd cm is assumed to be centered at t
focal region. This type of power deposition can form an a
propriate temperature distribution for deep-seated tum
heating, provided the entrance aperture diameter is s
ciently large to overcome the ultrasonic attenuation cau
by the tissue. This deposition also can avoid overheating
region beyond the tumors because of the attenuation and
divergence of ultrasonic beam. A scanned, focused u
sound heating system11,16 can yield a power deposition clos
to this ideal convergent/divergent shape by varying the s
parameters~tilt angle, rotation angle, scan radius, foc
depth, and input power level!. To obtain a relatively simple
but realistic approximation and avoid overly complicat
calculations, the deposition of ultrasonic intensity within t

FIG. 1. Diagram of the geometry studied for the ultrasonic aperture.
entrance aperture@D(0)# of the ultrasonic beam is at the left. The narrowe
region is the focal zone and a spherical tumor with a diameter ofd cm is
assumed to be centered at this focal region. The temperatures at tu
front and side boundary are set to 43 °C during the acoustic aperture s
process.
Medical Physics, Vol. 26, No. 5, May 1999
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conical region was simplified as a uniform distribution
each depth. Moreover, the power at each depth was assu
to be equally attenuated,16,17

Q~z!5Q~0!e22mz, ~1!

I ~z!5Q~z!/A~z!, ~2!

and

q~z!52mI ~z!, ~3!

in which Q(0) is the total power propagating through th
acoustic aperture,Q(z) is the total power propagating
through the area at depthz cm,A(z) is the cross-section are
of the conical power region at depthz cm, m is ultrasound
attenuation,I (z) is the power intensity at depthz cm, and
q(z) is the absorbed power density at depthz cm.

To solve for the temperature distribution, Pennes18

steady-state bioheat transfer equation~BHTE! was used, i.e.,

2k¹2T1Wcb~T2Tar!5q. ~4!

The above BHTE is a simplification which neglects the
fects of discrete blood vessels, the redistribution of therm
energy within the local vascular network, and metabolic h
production. However, the BHTE is a good approximati
which offers a practical approach for modeling biotherm
processes19–21and performing general parameter studies. F
convenience, this bioheat transfer equation can also be w
ten in other forms22,23 to have a better description of the he
transfer in the tissue. We select the thermal properties
approximate averages for soft tissues.24–26 The thermal con-
ductivity ~k! is 0.5 ~Wm21 °C21!, the specific heat of blood
(cb) is 3770(Jkg

21 °C21), and the arterial temperature (Tar)
is 37 °C. The absorbed ultrasonic power density~q! was ob-
tained using the above procedure for a given total in
powerQ(0). All attenuated ultrasonic energy was assum
to be absorbed by the tissue in the heating region. The a
tomic properties~except blood perfusion! were assumed to
remain constant throughout the entire field, and metabol
was neglected due to its small contribution to the tempe
ture changes.20,27 Blood perfusion distributions used wer
symmetrical about the central axis~z!, and thus all cases ha
a symmetrical, two-dimensional field~r,z!. The diameter and
the thickness of the cylindrical volume of the simulated t
sue were automatically changed, their sizes depending on
aperture diameter and the tumor depth/size. When the dim
sion of the aperture diameter is close to the simulated tiss
diameter, the radius of simulated tissue is automatically
panded to avoid the effect of the boundary condition. T
front surface boundary condition was a constant value wh
was equal to the temperature of the surface cooling wa
the other surfaces were a constant temperature 37 °C.
central axis was treated as adiabatic16 because no energ
transfer occurs in the radial direction at the center line due
the symmetry of both the power distribution and the an
tomical and physiological properties. The steady-state BH
was numerically approximated using the successive-o
relaxation technique and the method of central fin
differences28 to obtain the two-dimensional temperature fie
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820 Lin et al. : Relationship between acoustic aperture 820
(r 2z) induced by the power deposition for a given set
tumor conditions, acoustic aperture size, and input po
level. The grid spacing used is 0.2 cm, the over-relaxat
factor is 1.8, and the convergence criterion is the root m
square error less than 1027. The depth of focal zone is 5–1
cm, the diameter of focal zone is 3–7 cm, the ultraso
attenuation is 5–15 Np/m, the blood perfusion
1 – 15kg m23 s21, and the temperature of the surface cooli
water is 20 °C–37 °C.

III. RESULTS AND DISCUSSION

The procedure shown in Fig. 2 is used to search for
minimal diameter of the acoustic aperture and input pow
level which will result in a temperature distribution whic
meet temperature conditions 1 to 3 for each set of tum
conditions. During the search process, temperature c
straints are employed as the determination conditions for
search process. The temperatures at the edges of the
zone and at the tumors front boundary are set to reach 43
In addition, the regions temperature for1

2 d cm distance from
the tumor’s front boundary is set<41.5 °C. Those tempera
ture conditions are used to obtain a minimal power level a
a minimal acoustical aperture size which can raise the tu
temperature to 43 °C without overheating the normal tiss
particularly the region close to the skin.

FIG. 2. Flow chart of the search algorithm used to determine the mini
diameter of the acoustic aperture and the input power level for a given s
tumor conditions. The temperature conditions~1–3! are employed as the
constraint criteria to obtain an appropriate temperature distribution for
treatment.D0(0) and Q0(0) are the initial guess values of the apertu
diameter@D(0)# and the total input power@Q(0)# propagating through the
acoustic aperture, respectively.
Medical Physics, Vol. 26, No. 5, May 1999
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Figure 3~a! shows the diameters of the acoustic apert
required for the tumors located at different depths based
the above temperature criterion and on the equal inten
criterion ~to produce an equal power intensity at the skin a
at tumor depth15!. This figure reveals that~a! the aperture
diameter for each criterion increases with the tumor dep
and~b! the aperture diameter for the temperature criterion
larger than that for the equal intensity criterion. A larg
aperture will reduce the temperature close to the skin
produce a better temperature distribution for the treatm
Figures 3~b! and 3~c! present the temperature distribution
based on the temperature and the equal intensity criteria
suming a 5 cmtumor is located at 13 cm depth. Clearly, a
overheating region close to the skin occurs for the eq
intensity criterion. This finding suggests that the equal int
sity criterion can be used to reach the treatment tempera
within the tumor region, but cannot avoid overheating t
normal tissue.

In addition to the tumor depth, other factors that m
influence the diameter of acoustic aperture and the in
power level are tumor size, ultrasonic attenuation of tiss
blood perfusion, and temperature of the surface cooling
ter. Figure 4 indicates the effects of tumor size on the ap
ture diameter, using tumor diameters of 3, 5, and 7 cm. F
ure 5 shows the simulation results for the effects
ultrasonic attenuation of tissue on the acoustic aperture
ameter. According to those results, the aperture diameter
matically changes according to the attenuation for given
mor conditions. In order to be able to heat a deep-sea
tumor, a higher attenuation requires a significantly larg
acoustic aperture to compensate for the energy decay. A
example, the aperture diameter is 15, 19, and 27 cm for
cm tumor located at 9 cm depth with attenuation 5, 10, a
15 Np/m, respectively. However, the aperture diameter
larger than 35 cm for a 5 cmtumor located at a depth of 11
17, and 29 cm, as the attenuation is 15, 10, and 5 Np
respectively. Here ultrasonic attenuation in tissue change
a function of driving frequency and tissue properties. F
most tissue this change can be approximated as being
rectly proportional to driving frequency. This finding dem
onstrates that a lower frequency transducer should be
ployed to heat a large and deep-seated tumor if the acou
aperture is limited.

Blood perfusion is a critical factor affecting the temper
ture distribution. A higher blood perfusion requires a high
input power to reach the treatment temperature. This imp
that a larger acoustic aperture might be necessary for a d
seated tumor with a higher blood perfusion. Blood perfus
varies between different tissue types and with position wit
an organ as the tissue function and composition chan
Typical blood perfusion rates are 1–11.5, 0.15–0.5, 0.5,
9, and 9.5kg m23 s21 for skin, fat, muscle, bone, brain an
liver, respectively.29 The reported perfusions of human tu
mors are 0.15– 16kg m23 s21, with a median value
2.9kg m23 s21.30 To investigate the influence of blood perfu
sion on the acoustic aperture, a uniform perfusion is initia
assumed for the entire region~both tumor and normal tis-
sues! and the perfusion rate@W in Eq. ~4!# is varied from 1.0
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FIG. 3. ~a! The acoustic apertures required at different tumor depths for
temperature and the equal intensity criteria;~b! temperature distribution for
the equal intensity criterion;~c! temperature distribution for the temperatu
criterion. For ~a!–~c! the tumor diameter is 5 cm, tumor depth is 13 cm
blood perfusion is 5kg m23s21, and ultrasonic attenuation in tissue is 1
Np/m.
Medical Physics, Vol. 26, No. 5, May 1999
to 15.0kg m23 s21. Figure 6~a! summarizes these result
demonstrating that the perfusion has only a slight effect
the acoustic aperture. To study the effect of nonunifo
blood perfusion on the acoustic aperture size, the nor
tissue perfusion was held constant at a value of either 1.
10.0kg m23 s21, while the tumor perfusion was set at eith
0.5 or 2.0kg m23 s21. Figure 6~b! shows the simulation re
sults, indicating the effect of perfusion levels on the acous
aperture size. This figure indicates that the aperture siz
very closely dependent on the relative magnitude of blo
perfusion levels between normal tissue and tumor. The
quence of acoustic aperture diameter~cm! from large to
small for the sets of normal tissue and tumor perfusions is~1,
2!, ~5, 5!, ~1, 0.5!, ~10, 2!, and then ~10, 0.5! ~unit:
kg m23 s21). It requires a larger aperture size for the ca
where the tumor’s perfusion is higher than normal tissu
As the relative magnitude of blood perfusion between
tumor and normal tissue becomes smaller, the aperture
required decreases.

The temperature of surface cooling water can reduce
heated temperature in the region close to the skin to ab
1.0 cm in depth when an external ultrasound heating sys
is used. When a planar transducer is employed to he
superficial tumor, the temperature of the surface cooling w
ter can be regarded as an input parameter to vary the m
mal temperature depth within a few centimeters. To hea
deep-seated tumor, the cooling water can be used to re
the skin surface temperature. However, further study is
quired to investigate the effect of the cooling water tempe
ture on the acoustic aperture diameter. Figure 7~a! presents

e

FIG. 4. The diameter of acoustic aperture required to produce an approp
temperature distribution for three different diameters of the target volu
located at different depths. The perfusion is 5kgm23s21 and the attenuation
is 10 Np/m.
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822 Lin et al. : Relationship between acoustic aperture 822
the simulation results, demonstrating the relationship
tween the cooling water temperature and the acoustic a
ture size. This figure indicates that the cooling water te
perature only slightly influences the size of the acous
aperture required. This finding seems to be contradictor
the conventional concept that a lower temperature of the
face cooling water can solve the overheating problem an
reduce the aperture diameter. Figure 7~b! indicates the tem-
perature distribution along the central axis for cooling wa
temperatures 20 °C and 37 °C. This figure clearly illustra
that the effect of cooling water on the temperature distri
tion is limited to approximately 2.0 cm depth, having only
slight effect at deeper levels. This finding suggests that
cooling water can change the temperature distribution c
to the skin, but cannot effectively reduce the overheat
problem in deeper tissues or decrease the acoustic ape
diameter.

IV. CONCLUSION

The above study indicates that tumor diameter, tum
depth, ultrasonic attenuation, and driving frequency are
major factors determining the minimal diameter of t
acoustic aperture which is required to produce an approp
temperature for deep-seated tumor heating. Larger, de
tumors with a higher driving frequency transducer wou
require a significantly larger acoustic aperture to heat
tumor without overheating the normal tissue close to
skin. Blood perfusion only slightly influences the apertu
size when a constant, uniform perfusion is used for b
tumor and normal tissue. However, when the tumor pe

FIG. 5. The diameter of acoustic aperture required for compensating
ultrasonic attenuation in soft tissues as a function of depth for various
tenuation values. The tumor diameter is 5 cm and blood perfusio
5kg m23s21.
Medical Physics, Vol. 26, No. 5, May 1999
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sion is lower than that of normal tissue, a smaller acou
aperture is deemed necessary; for the reverse conditio
larger acoustic aperture is required. The temperature of
surface cooling water only slightly influences the acous
aperture size. A lower temperature of cooling water can
duce the tissue temperature close to the skin, but has a
ited effect on the temperature distribution for deeper tis

e
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FIG. 6. The diameter of acoustic aperture required to produce an approp
temperature distribution for different perfusions of the simulated volum
The tumor diameter is 5 cm and the ultrasonic attenuation is 10 Np/m.~a! A
uniform perfusion is assumed for the entire simulated volume;~b! the per-
fusions (kg m23s21) for the normal tissue and for the tumor region a
shown in the first and the second place of the quotation mark.
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823 Lin et al. : Relationship between acoustic aperture 823
and consequently on the acoustic aperture diameter.
simulations indicate that with knowledge of tumor size,
mor depth, and tissue properties, an appropriate acoustic
erture size and driving frequency can be determin
Through proper treatment planning, a heating system ba
on a given acoustic aperture can be arranged to form
appropriate ultrasonic power deposition which can best t
the intended tumor volume while avoiding overheating n
mal tissue.
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