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A THEORETICAL STUDY OF CYLINDRICAL ULTRASOUND TRANSDUCERS
FOR INTRACAVITARY HYPERTHERMIA
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Purpose: The purpose of this paper was to examine the heating patterns and penetration depth when a cylindrical
ultrasound transducer is employed for intracavitary hyperthermia treatments.
Methods and Materials: The present study employs a simulation program based on a simplified power deposition
model for infinitely long cylindrical ultrasound transducers. The ultrasound power in the tissue is assumed to be
exponentially attenuated according to the penetration depth of the ultrasound beam, and a uniform attenuation
for the entire treatment region is also assumed. The distribution of specific absorption rate (SAR) ratio (the ratio
of SAR for a point within the tissue to that for a specific point on the cavity surface) is used to determine the
heating pattern for a set of given parameters. The parameters considered are the ultrasound attenuation in the
tissue, the cavity size, and the transducer eccentricity.
Results: Simulation results show that the ultrasound attenuation in the tissue, the cavity size, and the transducer
eccentricity are the most influential parameters for the distribution of SAR ratio. A low frequency transducer
located in a large cavity can produce a much better penetration. The cavity size is the major parameter affecting
the penetration depth for a small cavity size, such as interstitial hyperthermia. The heating pattern can also be
dramatically changed by the transducer eccentricity and radiating sector. In addition, for a finite length of
cylindrical transducer, lower SAR ratio appears in the regions near the applicator’s edges.
Conclusion: The distribution of SAR ratio indicates the relationship between the treatable region and the
parameters if an appropriate threshold of SAR ratio is taken. The findings of the present study comprehend
whether or not a tumor is treatable, as well as select the optimal driving frequency, the appropriate cavity size,
and the eccentricity of a cylindrical transducer for a specific treatment. © 2000 Elsevier Science Inc.

Cylindrical ultrasound transducer, Intracavitary hyperthermia, SAR ratio, Ultrasound attenuation, Transducer
eccentricity, Cavity size.

INTRODUCTION

Diederich and Hynynen (1–3) examined the power deposi-
tion and temperature distribution for intracavitary ultra-
sound transducers with multi-element arrays. Segmenting
the cylinders or sectors in the angular direction offers more
control over the heating pattern. A complete intracavitary
system with surface cooling water bolus has been con-
structed and is under clinical testing for the treatment of
prostate (4), vaginal, and rectal tumors. The outside diam-
eter of the cylinders was 1.0 or 1.5 cm, with a driving
frequency 1.6 or 1.0 MHz. Diederich and Burdette (5)
evaluated a tubular multitransducer applicator designed for
transurethral ultrasound thermotherapy of prostate tissue.
Their results show that ultrasound applicators have the
potential to provide an improved spatial localization and

control of the heating distribution over the existing trans-
urethral thermal therapy techniques. Some investigators
have also tried to design and evaluate the catheter-coupled
tubular transducer devices (6–9) along with the design and
the feasibility of direct-coupled tubular transducer applica-
tors suitable for simultaneous interstitial hyperthermia and
radiotherapy (10). Furthermore, Handet al. (11) and
Gavrilov et al. (12) have shown the possibility of focusing
the ultrasound energy to a volume at a depth of 6 cm by
simulation and phantom experiments. More advanced intra-
cavitary ultrasound transducers with linear array applicators
were developed and assessed by Hynynen, Hutchinson, and
Buchananet al. (13–15). The results of these transducers
with more than 60 elements showed that practical intracav-
itary phased arrays are feasible and may significantly im-
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prove the heating depth. In addition, Vrbaet al. (16) indi-
cated that the radial penetration of the specific absorption
rate (SAR) for microwave antenna is limited by the radius
of the cavity, and it is impossible to obtain a radial pene-
tration larger than that of the cavity radius; whereas Sorbeet
al. (17), Rooset al. (18), and Mandryet al. (19) have shown
that the microwave antenna can be either centered in the
outer casing or eccentrically positioned to achieve directed
heating.

Cavity radius (R), transducer eccentricity (d) (the shifting
distance between the central axes of the transducer and the
cavity), and ultrasound attenuation (m) in the tissue are the
parameters which potentially affect the ultrasound energy
deposition in the tissue around a cavity during an intracav-
itary hyperthermia. The present study employs a power
deposition model for cylindrical ultrasound transducers to
examine the relationship between the parameters and the
distribution of SAR ratio in the tissue around the cavity. The
results of this study presented herein are valuable for de-
signing appropriate ultrasound heating probes for intracav-
itary hyperthermia and treatment planning.

METHODS AND MATERIALS

The deposition of ultrasound energy in the tissue around
a cavity during an intracavitary hyperthermia is modeled as
a cylindrical transducer, with uniform power that is emitted
from the transducer face which penetrates into the tissue, as
shown in Figs.1a and 1b. The radius of the transducer and
the cavity isR0, andR, respectively. The power output per
unit length from the face of the transducer isQ. The central
axis of the transducer is shifted to a distance (d: transducer
eccentricity) away from that of the cavity along the x-axis.
The polar coordinates (r,u) for a new coordinate system
o9-x9-y9, adhering to the transducer central axis, is employed
to describe the ultrasound power deposition in the tissue.
The ultrasonic beam is presumed to be nondivergent in the
longitudinal direction in the volume of interest, but radially
diverging from the face of the transducer. The deposition of
ultrasonic intensity at each cylindrical shell, with respect to
the transducer central axis, is simplified as a uniform dis-
tribution to obtain a relatively simple approximation. More-
over, the ultrasound power in the tissue is assumed to be
exponentially attenuated according to the penetration depth
of the ultrasound beam. A uniform attenuation of ultrasound
is assumed for the entire tissue as well.

One-dimensional (1D) power deposition
As the central axis of the transducer is coincident with

that of the cavity (transducer eccentricity (d) 5 0), the
ultrasound power deposition in the tissue is one-dimen-
sional (1D), and symmetrical to the central axis. The pa-
rameters for the power deposition are the ultrasound atten-
uation (m) and the radius of the cavity (R). The ultrasound
energy deposited on the surface of the cavity and in the
tissue through a unit length of cylindrical shell with radius
r is

Q~m, R; R! 5 Q z e22m0~R2R0! (1)

Q~m, R; r! 5 Q z e22m0~R2R0! z e22m~r2R! (2)

wherem and m0 denote the ultrasound attenuations in the
tissue and in the cooling water, respectively; whereasR and
R0 represent the radii of the cavity and the cylindrical
ultrasound transducer under investigation, respectively;Q
presents the ultrasound energy emitted from a unit length of
the transducer surface, and Q(m,R;r) denotes the ultrasound

Fig. 1. (a) Schematic diagram of the geometry studied for the
distributions of SAR ratio and temperature in the tissue when a
cylindrical ultrasound transducer with a power Q emitted per unit
length is placed within a cavity. Lines b, c, d, and e are located at
0.0, 12.5, 25.0, and 37.5 mm away from the transducer middle
plane (o-x-y). (b) The relative position between the cylindrical
transducer and the cavity. The central axis of the transducer is
shifted to a distance (transducer eccentricity (d)) away from that of
the cavity along the x-axis. The polar coordinates (r,u) for the
coordinate systemo9-x9-y9 is used to calculate the distribution of
SAR ratio and the SAR value for the point (R 2 d, 00) is taken as
a reference for the present study.
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energy deposited in a unit length of cylindrical shell with
radiusr.

The cylindrical ultrasound applicators are typically
within a water bolus that can be expanded to fill or distend
the body cavity. The attenuated ultrasound energy in the
water (the region betweenR and R0) is neglected due to
negligible influence on the total energy changes, and the
terme22m0(R2R0) in Eqs. 1 and 2 can be eliminated. Hence,
the ultrasound intensity on the cylindrical shell with radius
r in the tissue is

I~m, R; r! 5
Q z e22m~r2R!

2pr
(3)

And the ultrasound intensity on the surface of the cavity is

I~m, R; R! 5
Q

2pR
(4)

Assume that the ultrasound intensities are not large enough
to cause wave distortion, and the attenuation and absorption
coefficients of the tissue are equal (all of the attenuated
energy is absorbed in the heating field) (20). The SAR in the
homogeneous and uniformly attenuating media is then pro-
portional to the ultrasound intensity. Thus, we can obtain
the ratio of SAR on the cylindrical shell with radiusr in the
tissue to that on the surface of the cavity as

SR~m, R; r, R! 5
SAR~m, R; r!

SAR~m, R; R!

5
I~m, R; r!

I~m, R; R!
5

R

r
z e22m~r2R! (5)

whereSR(m, R; r, R) is the SAR ratio of the cylindrical shell
with radiusr in the tissue to the surface of the cavity.

Two-dimensional (2D) power deposition
As the central axis of the transducer is shifted to a

distance away from that of the cavity (transducer eccentric-
ity (d) Þ 0), the ultrasound power deposition in the tissue is
no longer symmetric in the angle dimension, and therefore
becomes 2D. The parameters for the power deposition are
the ultrasound attenuation in the tissue (m), the radius of the
cavity (R), and the eccentricity of the transducer (d). The
polar coordinates (r,u), with respect to the coordinate sys-
tem o9-x9-y9, are used to describe the power deposition in
the tissue.

The power deposition for the point (r,u) in the tissue is
contributed by the ultrasound beam as shown in Fig. 1b.
S(R,d;r ,u ), the penetrating distance of the ultrasound beam
into the tissue from the central axis of transducer to the
point (r,u), can be obtained by solving

R2 5 d2 1 ~r 2 S!2 1 2d~r 2 S! cosu (6)

The ultrasound intensity of the point (r,u) in the tissue is

I~m, R, d; r, u ! 5
Q z e22mS

2pr
(7)

and the intensity of the point (R2 d,00) on the surface of the
cavity is

I~m, R, d; R2 d,00! 5
Q

2p~R2 d!
(8)

The SAR ratio for the point (r,u) in the tissue to the point
(R 2d, 00) on the surface of the cavity is

SR~m, R, d; r, u; R2 d,00! 5
SAR~m, R, d; r, u !

SAR~m, R, d; R2 d,00!

5
I~m, R, d; r, u!

I~m, R, d; R2 d,00!

5
R2 d

r
z e22mS (9)

where SR(m, R,d; r, u; R 2 d,00) is the SAR ratio of a point
on the cylindrical shell with radiusr in the tissue to the point
(R 2 d, 00) on the surface of the cavity.

Temperature solver
To solve for the temperature distribution, Pennes’ (21)

steady-state bioheat transfer equation (BHTE) was used

2k¹2T 1 Wcb~T 2 Tar! 5 q (10)

Where k and W denote the thermal conductivity and the
blood perfusion of the tissue, respectively;T andTar repre-
sent the tissue and the arterial temperatures, respectively;cb

presents the specific heat of blood; andq denotes the ab-
sorbed ultrasonic power density.

The above BHTE is a simplification that neglects the
effects of discrete blood vessels and the redistribution of
thermal energy within the local vascular network. However,
the BHTE is a good approximation that offers a practical
approach for modeling biothermal processes (22–24) and
performing general parameter studies. For convenience, this
bioheat transfer equation can also be written in other forms
(25, 26) to have a better description of the heat transfer in
the tissue. We select the thermal properties to approximate
averages for soft tissues (27–29). The thermal conductivity
(k) is 0.5 (W m21 °C21), the specific heat of blood (cb) is
3,770 (J kg21 °C21), and the arterial temperature (Tar) is
37°C. The absorbed ultrasonic power density (q 5 2 uI) was
obtained using the above procedure for a given power
output per unit length (Q) from the transducer. All attenu-
ated ultrasonic energy was assumed to be absorbed by the
tissue in the heating region. The anatomic properties were
assumed to remain constant throughout the entire field, and

1331Intracavitary ultrasound hyperthermia● W.-L. LIN et al.



metabolism was neglected due to its small contribution to
the temperature changes (23, 30).

RESULTS

1D power deposition
To examine the effect of cavity size and ultrasound

attenuation on the distribution of SAR ratio in the tissue
when a cylindrical ultrasound transducer is used, the cavity
radius (R) varies from 5, 10, 15, 20, 25, tò mm, and the
ultrasound attenuation (m) from 2.5, 5, 10, 15, 20, to 30 Np
m21. The central axis of the transducer is coincident with
that of the cavity (transducer eccentricity (d) 5 0); hence,
the ultrasound power deposition in the tissue is 1D. Figures
2a and 2b present the distributions of SAR ratio in the tissue
based on Eq. 5. These figures reveal that the SAR ratio for
larger cavity (or lower attenuation) decreases from the sur-
face of the cavity slower than that for smaller cavity (or
higher attenuation). Figure 3 plots the depth of SAR ratio
that equals to 0.5 based on Eq. 5. The figure shows that the
depth of SAR ratio that equals to 0.5 is related to the
attenuation and the size of the cavity. A larger cavity and/or
a lower attenuation produce a larger depth of SAR ratio that
equals to 0.5. This finding indicates that a lower attenuation

with a larger cavity has a better penetration. Figures 2a, 2b,
and 3 depict the relationship between the treatable region
and the attenuation for different sizes of cavity if an appro-
priate threshold of SAR ratio is taken. For instance, we
might define the domain with SAR ratio higher than 0.5 as
the treatable region. Thus, the above results indicate that the
domain of treatable region depends on the attenuation and
the cavity size. Therefore, a lower attenuation with a larger
cavity produces a deeper treatable domain, while higher
attenuations can be used in the superficial treatment of the
cavity. These figures display the treatable domain for a
given cavity size and attenuation. Thus, restating the cavity
size and the attenuation can determine the treatable domain.
The results are presented in terms of tissues with different
acoustic attenuation properties. Once the attenuation coef-
ficient of the treatment tissue is known, an appropriate
driving frequency can be obtained. For example, an atten-
uation coefficient of 5 Np m21 MHz21 is approximate for
soft tissue (for most soft tissues and tumors, the attenuation
coefficient ranges between 4 and 15 Np m21 MHz21 [31,
32]) and then the range of 2.5–30 Np m21 covers an
approximate frequency range of 0.5–6.0 MHz. Hence, the
above finding suggests that the treatable portion can be
determined by selecting an appropriate cavity size and driv-
ing frequency.

2D power deposition and temperature distribution
As the central axis of cylindrical transducer is shifted to

a distance away from that of the cavity (transducer eccen-
tricity (d) Þ 0), the ultrasound power deposition in the
tissue becomes 2D. The ultrasound attenuation (m), cavity
radius (R), and transducer eccentricity (d) are the factors
which potentially affect the distribution of SAR ratio. Fig-
ures 4a–d display the 2D distributions of SAR ratio based
on Eq. 9 for an ultrasound attenuation of 2.5 Np m21, cavity
radius of 20 mm, and transducer radius of 5 mm, while the
transducer eccentricity (d) varied from 0, 5, 10 to 15 mm,
respectively. The figures indicate that the distribution of
SAR ratio dramatically changes with the transducer eccen-
tricity. Figures 4e–h show the temperature distributions

Fig. 2. The distributions of SAR ratio for the transducer eccen-
tricity (d) equal to zero. The ultrasound attenuation (m) in tissue
varies from (a) 2.5 to (b) 30 Np m21, when the cavity radius (R)
is 5, 10, 15, 20, 25, and̀ mm, respectively.

Fig. 3. Depth of the SAR ratio equal to 0.5 for different sizes of
cavity and ultrasound attenuations, when the transducer eccentric-
ity (d) is equal to zero.
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corresponding to the SAR ratio in Figs. 4a–d, respectively.
The temperature of the cavity surface is set at 37°C and the
maximum tissue temperature is maintained at 45°C, while a
uniform blood perfusion (6 kg m23 s21) is assumed for the
entire simulated tissue. These figures display that the trans-
ducer eccentricity provides a directional heating and the
region of SAR ratio higher than 0.5 is controlled by the
eccentricity.

When a half-cylindrical transducer is employed, the SAR
ratio on the back of the transducer is zero due to the

collimated and radially diverging ultrasound beam. Because
the eccentricity of the half-cylindrical transducer is varied,
the SAR ratio distribution in the tissue in front of the
transducer may be influenced by the eccentricity of the
transducer. Figures 5a–d present the distributions of SAR
ratio in the tissue when a half-cylindrical transducer with
the above characteristics is employed, while the transducer
eccentricity from the back direction is 0, 5, 10, and 15 mm,
respectively. Figures 5e–h show the temperature distribu-
tions corresponding to the SAR ratio for Figs. 5a–d, respec-

Fig. 4. (a–d) Distributions of SAR ratio for a cylindrical transducer
with 2.5 Np m21 attenuation (m) and a 20-mm cavity radius (R).
The transducer eccentricity (d) is 0, 5, 10, and 15 mm, respec-
tively. (e–h) Temperature distributions for (a–d), respectively.
The applicator OD and position are shown by a solid circle, while
the innermost circle with a radius of 20 mm is the cavity wall, and
also represents the 37°C isoline for the temperature plots.

Fig. 5. (a–d) show the distributions of SAR ratio for a half-
cylindrical transducer with 2.5 Np m21 attenuation (m) and a
20-mm cavity radius (R), while the transducer eccentricity (d) from
the back direction is 0, 5, 10, and 15 mm, respectively. (e–h)
Temperature distributions for (a–d), respectively. The applicator
OD and position are shown by a half solid circle, while the
innermost circle with a radius of 20 mm is the cavity wall, and also
represents the 37°C isoline for the temperature plots.
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tively. The temperature of the cavity surface is set at 37°C
and the maximum tissue temperature is maintained at 45°C,
while a uniform blood perfusion (6 kg m23 s21) is assumed
for the entire simulated tissue. The results show that the
region with high SAR ratio and temperature, shifts to the
corner as shown in Figs. 5d and 5h, which may overcome
the SAR dips and a stronger thermal conduction in the
corner region for a half-cylindrical transducer. The results
also indicate that a half-cylindrical transducer with eccen-
tricity can cause a much larger directional heating.

Figures 4 and 5 reveal that the desired treatment region
can be determined by selecting an appropriate radiating
sector and positioning the cylindrical ultrasound transducer
with a proper eccentricity. These results also indicate that a
potential heating problem (one side preferentially heated
while the opposite side is underheated) may occur when a
symmetric heating is desired while the intracavitary trans-
ducer is not centered in the cavity.

The above results show that: (a) the cavity size, trans-
ducer eccentricity, ultrasound attenuation in the tissue, and
transducer active sector are the most influential factors for
the SAR ratio distributions (or the heating patterns); (b)
high driving frequencies should be used for heating the
region close to the cavity surface, and low frequencies for
deeper and larger regions; (c) the SAR ratio distribution also
depends on the cavity size; a larger cavity has a slower
decay of SAR ratio and hence results in a better penetration;
(d) the transducer eccentricity can create a high SAR ratio
region close to the transducer; and (e) the eccentricity of a
half-cylindrical transducer can create a larger region with a
high and rather uniform SAR ratio in front of the transducer
face.

DISCUSSION

The 1D and 2D simulations assume a long tube transducer
that neglects the edges. However, the SAR ratio distribution
close to the extreme edges of the transducer is different,
because the portion of the transducer contributing to the
ultrasound power deposition is related to the position.
Hence, it is necessary to investigate the effect of extreme
edges on the SAR ratio distribution. Figures 6a and b show
the distributions of normalized ultrasound intensity calcu-
lated using the proposed model and the numerical solution
of the wave equation (33, 34) for a cylindrical transducer
with a radius of 5 mm, length of 75 mm, and a driving
frequency of 0.5 and 1.5 MHz, respectively. The cavity
radius is 20 mm and ultrasound attenuation coefficient in the
tissue is assumed to be 5.0 Np m21 MHz21. Lines b, c, d,
and e are the distributions of normalized ultrasound inten-
sity in the radial direction beginning from the surface of the
cavity and located 0.0, 12.5, 25.0, and 37.5 mm away from
the transducer’s middle plane, respectively (see Fig. 1a).
The solid line (line a) with an exponential decay, taken from
Fig. 2a with cavity radius 20 mm, is used to compare the
difference in power intensities between the proposed model
and the numerical solution of the theoretical wave equation

(33, 34) for different locations. These figures indicate that
the distributions of SAR ratio for the proposed model is
quite adhesive to the theoretical field except to the one at
extreme edges of the transducer. This is due to the contrib-
uted portion of the transducer to the power intensity field is
decreased in the region closer to the extreme edges of the
transducer. This exponential model has been experimentally
verified by Diederichet al. (2) using an ultrasound appli-
cator with a driving frequency of 1.6 MHz in degassed
water; whereas the 1D and 2D simulations assume a long
tube transducer and neglect the edges. However, using an
array of multiple ultrasound transducers with only a few
millimeters between the transducer segments, thermal
smearing fills in wherever there are dips in the SAR distri-
bution between the elements (1).

The SAR ratio distribution and the cooling water temper-
ature are the two major factors by which the temperature
distribution can be controlled during the intracavitary hy-
perthermia. The influence of the cooling water on the heat-
ing depth is about 1 cm (2, 35), whereas the transducer can
form different patterns of the SAR ratio distribution by
selecting the transducer eccentricity, the cavity size, and the
driving frequency. A lower frequency transducer with a
larger cavity can produce a deeper penetration by which a

Fig. 6. Distribution of SAR ratio in the radial direction for theo-
retical wave equation and the simplified model of a cylindrical
ultrasound transducer with a length of 75 mm and a radius of 5 mm
is placed in a 20-mm cavity radius (R). The SAR ratio distributions
are for the radial lines located at 0, 12.5, 25, and 37.5 mm away
from the middle plane of the transducer (see Fig. 1a).
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thicker tumor in the radial direction can be treated. The
temperature close to the cavity surface is mainly controlled
by the cooling water, either by the temperature or the flow
rate of the water (18). A higher cooling water temperature
results in a treatment boundary closer to the cavity surface.
The temperature at greater distances from the cavity surface
is mainly determined by the level of the ultrasound power
applied. Because the influence of the cooling water is lim-
ited to about 1 cm in the radial direction, the present study
focuses on the SAR ratio distributions related to the param-
eters which can be employed in the transducer design to
achieve the desired heating patterns.

The study covers a range of cavity radius from 1 to 25
mm, and also considers the limitation case` mm (planar
transducer). The results can be used for both interstitial and
intracavitary treatments. However, for interstitial treat-
ments, the penetration depth can be improved by using a
maximum acceptable invasive radius of the implanted cath-
eter (see Fig. 3). The effect of the driving frequency on the
penetration depth for the interstitial treatments is not very
significant (36); however, the selection of driving frequency
requires to meet the relationship between the catheter size
and the thickness of the transducer wall; whereas for intra-
cavitary treatments, the vagina and rectum are the suitable
regions, while the cervix uteri and esophagus are secondary.
In addition, further study of SAR ratio and temperature
distributions for the esophagus heating is necessary due to
the high ultrasound absorption on the esophagus wall.

The allowable cavity size, desired heating depth in the
radial direction, and ultrasound attenuation coefficient in the
tissue are the three basic data required when designing an

appropriate cylindrical ultrasound transducer for a specific
treatment. Because the allowable cavity size and the desired
heating depth are known, an appropriate ultrasound attenu-
ation, which is related to the desired driving frequency, can
be obtained in Fig. 3. Once the desired frequency is deter-
mined, the active portion of the cylindrical transducer (360°,
180°, or others) and/or the transducer eccentricity can be
selected according to Figs. 4 and 5.

CONCLUSION

The study employs a simplified model of ultrasound power
deposition to investigate the effects of cavity size, trans-
ducer eccentricity, active sector, and driving frequency of
the transducer on the distributions of SAR ratio and tem-
perature for a cylindrical transducer located within a cavity.
In addition, for a specific treatment, an appropriate driving
frequency, transducer eccentricity, and active sector, and the
cooling water temperature can be determined as long as the
cavity size, treatment region boundary and ultrasound at-
tenuation coefficient in the tissue are known. The findings of
this study can be then used as a guideline to (a) determine
if the desired treatment region is treatable, and (b) select a
proper driving frequency for the transducer, and an appro-
priate transducer eccentricity for a treatment when the de-
sired treatment region is known during the clinical treat-
ment. These SAR ratio patterns are the initial results that
could then be modified for additional modeling that would
include the arrangement of transducer elements, tempera-
ture calculations, power control of each element to meet the
blood perfusion fluctuation, etc.
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