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ABSTRACT 

A parametric study was performed to design a device capable of treating small targeted regions within the prostate us-
ing high intensity focused ultrasound, while sparing the surrounding organs and minimizing the number of elements. 
The optimal focal length (L), operating frequency (f), element size (a) and central opening radius for lodging an imag-
ing probe (r) of a device that would safely treat tissue within the prostate were obtained. Images from the Visible Hu-
man Project were used to determine simulated organ sizes and treatment locations. Elliptical tumors were placed 
throughout the simulated prostate and their lateral and axial limits were selected as test locations. Using graphics proc-
essors, the acoustic field and Bio-Heat Transfer Equation were solved to calculate the heating produced during a simu-
lated treatment. L, f, a and r were varied from 45 to 75 mm, 2.25 to 3 MHz, 1.5 to 8 times the wavelength and 9 to 12.5 
mm, respectively. The resulting optimal device was a 761-element concentric-ring transducer with L = 68 mm, f = 2.75 
MHz, a = 2.05λ and r = 9 mm. Simulated thermal lesions showed that it was possible to treat target tumors consistent 
with reported locations and sizes for prostate cancer. 
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1. Introduction 

Trans-rectal high intensity focused ultrasound (HIFU) is 
currently used in clinic as a minimally-invasive approach 
for prostate cancer treatment [1]. Two trans-rectal HIFU 
clinical commercial systems are currently available: Ab- 
lathermTM (EDAP-TMS, Vaux-en-Velin, France) and So- 
nablate® (Focus Surgery, Inc., IN, USA). The standard 
treatments performed using these systems ablate the en- 
tire prostate. This causes some associated morbidity re- 
sulting on partial or total loss of potency (43.2% of pa- 
tients), stress incontinence (5.7%), urinary tract infec- 
tions (7.1%), pelvic pain (5.7%) and rarely rectourethral 
fistula (2.2%) [2-6]. This morbidity is usually attributed 
to the ablation of nerves and structures within the pros- 
tate, and it could be significantly reduced by treating 
only the affected areas and therefore reducing the amount 
of ablated tissue. This can be achieved by using a phase- 
array device capable of dynamically focusing the energy 
to limit the treatment to target tumor masses within the 
prostate.  

The design of such an array can be done by using nu- 
merical tools. This kind of design usually starts with the 
proposal of geometry and simulations are run to predict 

the behavior and analyze the feasibility of treating the 
desired regions [7-10]. The process is then iterated until a 
satisfactory compromise is obtained. This process can be 
time consuming and is not guaranteed to give the optimal 
result since it requires analyzing multiple configurations 
and parameters. An alternative to this process is pre- 
sented in this paper. A numerical method that allowed us 
to obtain an optimal geometry for a multi-element device 
with specific ergonomic constraints was used. By com- 
bining analytical and numerical platforms with parallel 
processing using graphic processing units we were able 
to perform a large number of simulations on manageable 
execution times allowing for optimization studies in or- 
der to obtain a successful configuration. Thermal lesions 
were finally simulated for the optimal configuration and 
confirmed that the targets could be reached. This method 
and platform can shorten device development time and 
cost, and it can be used as a treatment planning tool. 

2. Materials and Methods 

2.1. Virtual Device and Simulation Environment 

An initial geometry was chosen to be close to the current 
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treatment probe in use for the AblathermTM machine [7] 
(50-mm spherical cap truncated at 31 mm with a central 
opening for lodging an imaging transducer). The array 
configurations were then constructed as described in [11]. 
Two array configurations were analyzed: a concentric 
ring array with independent sectional elements and a cir- 
cular-element array with a pseudorandom pattern (Fig- 
ure 1). 

A simulation environment was created from full body 
histological images taken from the Visible Human Male 
Server Project (VHSMP, Ecole Polytechnique Federale 
de Lausanne, Switzerland) [12]. One hundred transverse 
images with a resolution of 0.2 × 0.2 × 1 mm were ana- 
lyzed using an in-house developed interface in order to 
obtain a 3D structure of the prostate and neighboring 
structures (bladder, rectum, muscular tissue, ductus defe- 
rens, seminal vesicles, rectal wall, rectal muscle and nerve 
bundle). 

2.2. Parametric Study 

A parametric study was performed to determine the op- 
timal focal length (L), operating frequency (f), element 
size (a) and central opening (r) for a device capable of 
treating different locations within the prostate without 
secondary lesions while minimizing the number of ele- 
ments.  

Using an in-house interface and the images from the 
VHSMP, the device was positioned at the center of the 
rectum and the maximum and minimum distances nec- 
essary to achieve a treatment throughout the organ were 
defined. Figure 2 shows the closest and farthest dis- 
tances from the centre of the device needed to treat the 
prostate at different anatomical locations. This deter- 
mined the minimal and maximal focusing locations as 31 
and 65 mm.  

The acoustic field was simulated in a model of the pel- 
vic region. The propagation media considered for the si- 
mulation was: coolant liquid (water) between the trans- 
ducer ant the tissues, rectum and then soft tissue. The 
geometry of the coolant was modeled as an elliptical cy- 
linder with a major diameter of 39 mm and a minor  
 

 
(a)                (b) 

Figure 1. Schematic for the simulated arrays: (a) concentric 
ring and (b) random. FH: foot head; LR: left right direction 
for treatment. 

 

Figure 2. Transducer positioning to treat the prostate and 
limits for treatment at different anatomical locations. FH: 
foot head; AP: anterior posterior.  
 
diameter of 26 mm [7]. The rectal wall was modeled as 
an elliptical cylinder with a major diameter of 45 mm 
and a minor diameter of 32 mm [7] and a thickness of 6 
mm (obtained from the VHSMP images). 

The acoustic field simulation was performed using the 
Rayleigh-Sommerfeld diffraction integral given by [13] 
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where νs is the particle velocity at surface dS, R = R1 + R2 
+ R3, R is the distance sound propagates with R1 through 
the coolant liquid, R2 through the rectal wall, and R3 
through the prostatic tissue, α is the attenuation factor 
obtained as R1α1 + R2α2 + R3α3, dS is the surface area, k = 
2π/λ, λ is the wavelength and Z is the acoustic impedance 
of water. 

The focal length was ranged from 45 to 60 mm by 
with 1-mm steps and the element size from 1λ to 8λ by 
steps of 0.05λ. The operating frequency was varied from 
2.25 to 3 MHz by steps of 0.25 MHz. The size of the 
central opening was varied from a radius of 1 to 11 mm 
by steps of 2 mm. For each combination of parameters 
we evaluated the degree of focusing by the ratio [14]. 
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where q2 and q1 are the acoustic pressure at the secondary 
and primary lobe, respectively. The goal was set for a 
configuration with the fewest elements and value of η ≤ 
0.5. The acoustic attenuation was 2.9 × 10−4 Np/m/MHz 

for the coolant, 4.1 Np/m/MHz for the rectal wall and 9 
Np/m/MHz for the prostate [7]. Simulations were per- 
formed using in-house developed and optimized code 
using two Tesla C1060 (NVIDIA, Santa Clara, CA, USA) 
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graphics processors. 

2.3. Steering Capabilities 

For the optimal configuration obtained from the parame- 
tric study, the steering capabilities were evaluated to en- 
sure that tumors at different locations within the prostate 
could be treated. We first determined the maximum lat- 
eral steering possible at the anterior and posterior of the 
prostate with the device located in front of the apex, cen- 
ter and base of the prostate (Figure 2). Then the maxi- 
mum vertical steering obtained at the center of the pros- 
tate was evaluated. The value of η (Equation (2)) was 
used to evaluate the degree of focusing. Focusing was 
tested at off-axis distances from 1 mm to 16 mm by steps 
of 0.25 mm. 

2.4. Thermal Simulation 

The temperature increase obtained with the optimal con- 
figuration was estimated using the Bio-Heat Transfer 
Equation (BHTE) [15] and the thermal dose concept [16] 
at different relevant treatment locations. These locations 
were chosen using clinical MR images and pathology 
from 37 patients reported by Coakley et al. [17]. Virtual 
tumors with a size equivalent to the minimum (0.02 cc), 
average (0.79 cc) and maximum (3.7 cc) volumes re- 
ported in [17] were modeled as ellipsoids and located 
close the prostatic capsule. The BHTE was then used to 
calculate the temperature obtained with the optimal con- 
figuration focused at the centre and edges of the target 
virtual tumor [15] by  
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where ρt, ct, and Kt are the density, specific heat and 
thermal conductivity of the tissue, respectively, TP is the 
temperature a point P(x, y, z) and time t, ωb, cb and Tb are 
the perfusion rate, specific heat and temperature of blood, 
respectively, E0 and E are the acoustic energy entering 
and exiting a volume V and χ is the acoustic absorption 
coefficient.  

The BHTE was implemented using the numerical Fi- 
nite Difference Time Difference technique [18] with 
boundary conditions at the borders of the tissue volume 
set to body temperature (37˚C) and thermo-mechanical 
properties of tissues were defined in [8]. The effect of 
this cooling was simulated as a boundary condition using 
a Newtonian flux convention [19] and a temperature of 
13˚C. Tissues that reached a thermal dose of 240 minutes 
or greater were considered as ablated tissues [20]. If any 
of the tested sites within each virtual tumor formed a 
secondary lesion (outside of the target tumor), it was 

considered a failed treatment. 

3. Results 

3.1. Parametric Study 

The optimal configuration was a concentric ring array 
with a focal length of 68 mm, an operating frequency of 
2.75 MHz, a diameter of 50 mm, a truncated width of 31 
mm, a 9-mm in radium central opening and an element 
width of 2.05λ for a total of 761 elements. 

3.2. Steering Capabilities 

Table 1 shows the steering capabilities reached by the 
optimal concentric ring and random arrays. The random 
array was capable of steering farther in the lateral direc- 
tion when focusing close to the transducer but this dete- 
riorated when the focusing was done at deeper locations. 
Overall, the deeper the focal region the more difficult it 
was to achieve steering and the random array was unable 
to steer at the deeper locations. 

3.3. Thermal Simulations 

Adequate focusing and lesion formation was possible at 
all limits of the virtual tumors using the concentric ring 
device, except for the two largest located at the prostate 
peripheral zone (located closest to the device).  

Figure 3 shows the simulated lesions (thermal dose 
above 14,400 s) obtained when electronically steering the 
optimal configuration to reach the edges of the largest 
tumor that was virtually defined. 

When treating tumors in the peripheral zone, secon- 
dary lesions were observed when targeting the posterior 
limit of the tumors (closest to the device). These secon- 
dary lesions appeared deeper than the targeted focus at 
approximately twice the focal length (towards the ante- 
rior region of the prostate). They were caused by grating 
lobes produced when the dynamic focus was located out 
of the steering range of the elements on the outer rings of  
 

Table 1. Steering capabilities for optimal devices. 

Maximum lateral  
steering (mm) 

Maximum vertical  
steering (mm) Treatment 

depth (mm) Concentric 
rings 

Random 
Concentric 

rings 
Random 

33 ±12.75 ±16 ±16.5 ±10.5 

35 ±13 ±16 ±15.5 ±8.5 

37 ±13 ±16 ±15.5 ±7.5 

44 ±12 ±15.5 ±13.5 ±2 

50 ±11.75 ±10 ±3 ±0.5 

63 ±5.75 0 ±0.5 0 
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Figure 3. Simulated thermal lesions at four extremes of the 
larger virtual target tumor. 
 
the device (Table 1) [14].  

Table 2 shows the results for thermal simulations at all 
the defined targets. The size of the target tumors at pe- 
ripheral and transitional prostate zones were defined 
based on MR images [17]. The size of the calculated 
thermal lesion when targeting the tumors varied depend- 
ing on the location and the size of the target tumor since 
the maximum steering required was different in order to 
cover the entire tumor. Lesions were generally smaller 
for medium-sized tumors since to reach these tumors the 
device does not require as much steering and we are 
closer to the natural focus of the device. The lesions were 
generally larger for targets in the transitional region. The 
acoustic power required to obtain a lesion also increases 
with target lesions that require steering (larger tumors 
located outside of the central axis of the device).  

For the peripheral zone targets where the secondary 
lesions appeared two solutions were proposed to avoid 
them: partial excitation of the elements and mechanical 
device rotation. By exciting only the elements closest to 
the center of the device we could decrease the phase dif- 
ference between elements and eliminate the secondary 
lesion while minimizing the acoustic intensity at the sur- 
face. A series of simulations was performed with 50% to 
75% of the elements excited and it was found that sec- 
ondary lesions were eliminated with 56% of active ele- 
ments when targeting a large peripheral tumor (3700 
mm3) and with 71% when targeting the medium periph- 
eral tumor (790 mm3). The device could also be rotated 
on the left-right direction by ±π/8 in order to eliminate 
the secondary lesions. 

The overall maximum acoustic intensity at the surface 
of the transducer for treatment was 22.74 W/cm2. This 
maximum occurred when focusing at the location the 
lateral edge of large tumors in the peripheral zone with 
only 56% of the elements active. This intensity was high 
as a result of the reduced surface area caused by elements 
being off.  

4. Discussion and Conclusion 

On this study we used an extensive parametric study us-  

Table 2. Thermal simulations for different target tumor 
sizes and locations. 

 Peripheral zone 

Tumor volume (mm3) 20 790 3700 

Individual lesion volume (mm3) 9 ± 1 4 ± 1 7 ± 1 

Acoustic power (W) 67 ± 7 43 ± 19 72 ± 34 

Secondary lesion No Yes Yes 

 Transitional zone 

Tumor volume (mm3) 40 800 2700 

Individual lesion volume (mm3) 7 ± 1 7 ± 1 14 ± 1 

Acoustic power (W) 24 ± 6 24 ± 2 61 ± 34 

Secondary lesion No No No 

 
ing computational tools to obtain an optimal configura- 
tion for a trans-rectal HIFU device for localized prostate 
cancer treatment. We found an optimal device with a 
concentric ring array configuration, a focal length of 68 
mm, an operating frequency of 2.75 MHz, a diameter of 
50 mm truncated at 31 mm, an element width of 2.05λ 
and an 18-mm diameter central opening. 

The simulation environment accurately depicted the 
male pelvis using histological images of tissue. The lim- 
itation of this simulated anatomical environment was the 
fact that only one subject is available and that images 
come from a 38-year-old man, whereas prostate cancer 
patients treated with HIFU have a mean age of 69 [5]. As 
a result, the volume of the prostate used for simulations 
was approximately 20 cc whereas typical patients have a 
prostate volume up to 40 cc [3]. Nevertheless, the targets 
used for this treatment are similar to those performed in 
HIFU transrectal therapy [7] and are compatible with the 
reported anatomical findings from tumors [17].  

The rectum distention due to the transducer and the 
circulation of coolant liquid was accurately incorporated 
into the simulation environment. This consideration was 
important for the validity of the study because the trans- 
ducer causes the rectal wall to be closer to the prostate 
increasing the risk of rectal wall damage causing rec- 
tourethral fistula [4]. All observed thermal doses at the 
rectal wall remained below the lesion threshold and as a 
result no rectal wall damage was predicted by the simu- 
lations. 

The focal length of the optimal device is located deep- 
er than the target depth (33 to 63 mm). Similar results 
have been reported for HIFU prostate treatment devices 
[7] and when simulating the treatment of a trial fibrilla- 
tion in the heart [19].  

The random circular element array configuration was 
tested on this study to determine if secondary lobes could 
be reduced with this approach. However, this type of 
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device did not perform as well as the concentric ring ar- 
ray since the active surface area was too low and the 
acoustic field could not be successfully steered. This is 
an important consideration to make for HIFU devices 
that need to fit constrained spaces such as transrectal ap- 
proaches.  

The thermal simulation showed that even though the 
device was able to treat all locations in the target tumors, 
different strategies are needed during the treatment: par- 
tial excitation or rotating the device. The proposed simu- 
lation can be used to determine these strategies as a tool 
for treatment planning. The ability of conducting fast cal- 
culations is then an important asset of this tool. 

The size of individual simulated lesions varied as a 
function of the distance to the center of the device, with 
lesions farther from the transducer being larger. This ef- 
fect is in direct relationship to the elliptical focus of the 
device. The platform can also be used for accurate treat- 
ment planning that takes into account these variations. 

Finally, the numerical approach used in the study in- 
volved the use of algorithms and techniques that utilize 
graphic processing units (GPUs). This allowed for re- 
duced the computation times and allowed exploring large 
variations of the parameters. Also, the cost of a GPU sys- 
tem is considerably lower than other alternatives for fast 
calculation, making this methodology an attractive fast 
and low cost tool for device design and treatment plan- 
ning [21]. 
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